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Introduction: 

ADVANCED CONCEPTUAL STUDY 
FINAL REPORT 

EXECUTIVE SUMMARY 

In conjunction with the U.S. Department of Energy and the National Renewable Energy 
Laboratory's (NREL) Advanced Wind Turbine Program, the Atlantic Orient Corporation 
developed preliminary designs for the next generation of wind turbines. These 50 kW and 350 
kW turbines are based upon the concept of simplicity. By adhering to a design philosophy 
which emphasizes simplicity, we project that these turbines will produce energy at extremely 
competitive rates which will unlock the potential of wind energy domestically and internationally . 

The program consisted of three distinct phases. First we evaluated the operational 
history of the Enertech 44 series of wind turbines. As a result of this evaluation we developed, 
in the second phase, a preliminary design for a new 50 kW turbine for the near-term market. 
In the third phase we took a clean sheet of paper approach to designing a 350 kW turbine 
focused on the mid 1 990's utility market which incorporated past experience and advanced 
technology. 

Background: 

From 1 982 through 1 986 approximately 750 Enertech wind turbines designated as the 
E44 series were installed in wind power stations throughout the United States. The Atlantic 
Orient Corporation has evaluated the historic performance of a significant number of the E44 
series wind turbines. Problem areas have been identified and rank ordered according to their 
contribution to turbine downtime. Specific potential solutions to downtime related problems 
were conceptualized and the impact of the various options were evaluated on an economic 
and risk basis to further define the benefits of each candidate improvement. 

As a result of this analysis, the Atlantic Orient Corporation developed the preliminary 
design of a 50 kW wind turbine which will be in the marketplace in 1 993. In addition we 
developed the conceptual design of an advanced wind turbine in the 350 kW class which will 
be in the marketplace in the 1 995 timeframe . 

Data Base Evaluation: 

Figure 1 identifies the availability profile for a select group of 1 44, E44 turbines for the 
period 1 2/87 thru 1 0/90. Testing for cracks in the gearbox shaft occurred in early 1 988 which 
significantly impacted availability. In February of 1 989, a significant number of dynamic brake 
failures were experienced coincident with high wind conditions. 
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Gearbox shaft cracks shut down most of these turbines in March '90. In September '90, �-) 
gearbox failures paralyzed operations as all turbines in this data base were shut down pending 

investigation of the problem. 

Since the only source of revenue in a wind power station is energy production, 

downtime has a significant impact on the financial performance of the project. A single incident · " 

that disables an entire wind power station for an extended period of time is more significant 

than a nuisance problem which occurs frequently yet results as a minor production loss. 

A composite pie chart of the downtime causes of our E44 data base for the period 1 988 
through 1 990 is provided in Figure 2. This highlights the significance of structurally related 
problems as a critical contributor to turbine downtime. 

Power Di stribution 6% 

Dynamic Bq:tke 4% 

Parking Brake 3% 
Other 2% 

Control System 1% 

Gearbox Shaft 24% 

Tower and Top 7% 

·Shutdown 15% 

Mainframe 17% 

Figure 2 - E44 Causes of Downtime 
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A definitive rank ordering of downtime is provided in Table 1 .  Structural failures related 
to excessive operating loads accounted for 63% of all downtime. The data suggests two 
alternative design approaches: reduce the loads or design a turbine to accommodate the 
loads. Atlantic Orient embarked upon an improved turbine design which accommodates the 
loads and retains design simplicity. 

Fifteen candidate design improvements were evaluated on an economic and risk basis. 
Ten of the improvements were deemed economically justified to pursue in the preliminary 
design phase. These improvements were associated with a three-bladed near-term production 
turbine referred to as the AOC 1 5/50. It includes the following improvements: 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

Strengthened main shaft 
Integrated gearbox 
Totally enclosed generator 
Upgraded dynamic brake 
Active tip brake control 
Incorporation of NREL thick airfoils 
Control system redesign 
Cast tower top 
Improved tower design 
Passive yaw damper option . 

TABLE 1 

DATA BASE EVALUATION - ENERTECH 44 

PRIMARY CAUSES OF DOWNTIME 

• Structura l Fai lures due to Excess ive 
Operating Loads 

• Gearbox Shaft Cracks & Fai lures 
• Mai nframe Cracks & Fai l ures 
• Precauti onary Shutdowns 
• Tower Top Cracks & Fai l ures 

• Gearbox Fai lure - Premature Bearing Wearout 
• Power D i stribution & Uti l i ty Co. Prob lems 
• Generator Fai lure due to Shorting of Windings 

24% 
1 7%  
1 5% 

7% 

• Dynami c Brake Fai lure due to Marginal Capaci ty/Components 
• T i p  Brake Ma l functi on & Mai ntenance 
• Parking Brake Repai r/Replacement 
• Control System 
• A l l  Other Causes i ncluding Rout i ne Mai ntenance 

The AOC 15/50 Wind Turbine: 

I 

I � I 

63% I I I I I 
1 2% I 

6% I 5% 
4% I 3% 
3% I 
1% I 
3% I I 

The resulting AOC 1 5/50 wind turbine is illustrated in Figure 3. The 1 5/50 designation 
refers to the 1 5  meter wood/epoxy rotor and its rated output of 50 kW at 1 1  m/s. 
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The power curve for the 1 5/50 is provided in Figure 4. The turbine cuts in at 3.7 
meters/second and reaches rated output of 50 kW at 1 1  meters/second. Assuming 1 00% 
availability, this turbine produces 229,800 kWh per year in an average windspeed of 8.0 m/s 
and 1 65,000 kWh/year in an average windspeed of 6.7 m/s. 
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A more detailed view of the turbine assembly is provided in Figure 5. As illustrated, our 
design team has fulfilled the goal of design simplicity. The heart of the design is the integrated 
gearbox which replaces the welded bedplate in the E44 turbines. The generator is flange 
mounted to the gearbox with the parking brake directly coupled to the generator. The NREL 
thick airfoil series for the blades will optimize energy capture and provide excellent bug/dirt 
tolerance. 

Parking Brake 
Generator 

Cast Tower 
Top 

Integrated 
Gearbox 

Low Speed 
Shaft 

Figure 5 - AOC 1 5/50 Turbine Assembly 

The tower top casting provides a strong, rigid, low cost solution to interfacing the 
gearbox with the tower. The low speed shaft has been increased in diameter and local stress 
concentrations have been removed to accommodate the fatigue load. The hub consists of a 
single casting which focuses on design simplicity. 

An important design improvement is the braking system. The components of the 
dynamic brake have been upgraded and we've incorporated intelligence in the tip brakes. The 
AOC 1 5/50 tip brake will be electromagnetically latched and released based upon instructions 
from the control system. In the normal stopping mode both the dynamic brake and the tip 
brake will be deployed simultaneously. All components are designed for fail safe operation. 

The essential features of the AOC 1 5/50 are identified in Table 2. 
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TABLE 2 

FEATURES OF THE AOC 1 S/SO TURBINE 

• 3 bladed, 1S m ,  wood/epoxy rotor 
• Downwind, rigid hub, free yaw 
• SO kW rat i ng at 1 1 . 0 mts 
• Cut - i n  at 3 . 7  mts 
• Annual output C 1 00% avai labi l i ty) 229,800 kWh at 8 m/s 
• Rotor speed at rated power 64 rpm 
• Rotor t i p  speed SO m/s 
• NREL Th i ck Ai rfoi l Series, 7 . 2  m b lades 
• E lectro-magnetic t i p  brakes for overspeed protect i on 
• I ntegrated gearbox w i th planetary gearbox 
• 3 '' 480 V induct ion generator, tota l ly enc losed, 

C l ass F insulation ,  1 800 rpm - nomi na l 
• Normal braki ng via sta l l ,  dynamic brake i ntegrated w i th 

t i p  brake deployment 
• 3 legged bo l ted lattice tower ,  24 .4 m 
• Concrete foundat i on defi ned by s i te requi rements 
• Microprocessor based control system 

The AOC 1 5/50 wind turbine represents the latest technology in high reliability, low cost 
turbines. Our design effort was fully supported by design tools which included FLAP, PROP, 
YAWDYN, ANSYS, EMTP, and Algor for finite element analysis. The projected cost of energy 
for this turbine in the U.S. is $0.05 per kWh which makes it competitive in the bulk power 
market as well as the remote power market. 

As an outgrowth of this program, Atlantic Orient is completing the final design and 
prototyping of selected components for the 1 5/50 turbine. We expect to have a prototype 
operational in mid 1 992. Sites for selected production prototypes are presently under 
consideration. The design modifications required for a 50 HZ and other voltage versions are 
ongoing. The result will be a world class machine originating in the U.S. 

Target Markets for the AOC 1 5/50 Turbine: 

As shown in Table 3, AOC has identified specific target markets for its advanced 50 kW 
turbine. The industrial and commercial markets in the U.S. are well suited to a 50 kW turbine 
designed for moderate windspeeds. The tuning of this turbine to lower wind sites will 
significantly broaden the market. A key to success is market penetration in the states which 
have a "net billing" provision such as Minnesota, Oklahoma and Texas and sites with high utility 
energy costs. Under net billing the interfacing utility purchases excess energy production at 
retail rates. This places a premium value on wind derived energy. 

There are known wind/diesel applications for this turbine as a fuel saver on small grids. 
These opportunities exist in Alaska, Canada, United Kingdom, Greece, Caribbean, Mexico, 
Argentina, and Chile. Others will develop as the AOC 15/50 demonstrates its performance 
potential. 
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TABLE 3 

MARKET SEGMENT IDENTIFICATION 
AOC 15/50 WIND TURBINE 

! UT I L ITY SIDE OF THE METER 

Mini Uti l i ty 

Loca l Load Growth 
System Rel i abi l i ty 
Vol tage and VAR Support 
Power Qua l i ty 
Lower Feeder Peak Demand 
Transformer L i fe Extension 
Transmi ss i on and D i stribution Cost Avoidance 
E l ectrical Loss Reducti ons 
Envi ronmenta l  I mpact Reducti ons 

! I NDEPENDENT POWER PRODUCTI ON 

I Energy or Capaci ty Supply for Uti l i ty 

I REMOTE AUTONOMOUS GRID AND WIND D I ESEL SYSTEMS 

I M i ni Uti l i ty 

I I I I 
Fuel Savings 
Load Growth Management 
Power Qua l i ty 
Envi ronmenta l Benefi ts 
Short Lead Time 
Vi l lage E l ectri ficat ion 

I DEMAND SIDE OF THE METER 

RETA I L  COMMERCIAL USER I I I ndustrial  Estates, Agricul tura l 
I Energy and Peak Shaving 
I I Retai l Power D i splacement 

I 
I 

I NDEPENDENT POWER PRODUCT I ON 

Energy Supply for Th i rd Party. Energy 
or Capaci ty Supply for Commercia l End User 

STAND ALONE 

I Commerci a l  and M i l i tary Appl i ca t i ons 
Water PLmping 

I Desa l i nati on 

I 
The agricultural market will focus on water pumping and providing electric energy for 

large farms and ranches as well as cattle feed lots. This market is in the U.S., Europe and 
South America. The co-op power production market consists of small municipal or investor 
owned utilities for whom small wind power stations make economic sense. In total we expect 
the demand to exceed 1 50 turbines per year by 1 995. 

A spin-off market consists of retrofiting existing turbines with various combinations of 
design improvements to increase performance. 

The AOC 33/350 Wind Turbine: 

To address the utility bulk power market of the mid to late '90s, AOC has completed 
the conceptual design of a 350 kW utility class turbine. Our 33/350 turbine retains the design 
simplicity of the 1 5/50. However, at 33 meters the rotor economics dictate that a two bladed 
configuration be pursued. When one considers the impact on the entire drive train the overall 
weight reductions of a two-bladed versus three-bladed configuration amounts to approximately 
30 percent. Also at this diameter shipping and handling of the blades needs careful 
consideration. We've selected the wood/epoxy flow through rotor as our blade configuration. 
Figure 6 illustrates the essential features of the AOC 33/350 turbine conceptually designed 
under this program. A two-bladed (rigid hub) configuration increases the asymmetric wind 
shear loads on the hub. A teetered hub configuration removes the wind shear loads at the 
expense of more complexity. 
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The most innovative feature of this turbine is the design of the tower. Our light weight 
350 kW machine will sit atop an ultra-light weight, wood/epoxy, self-supporting, airfoil shaped, 
rotating tower. The top of this tower will be sized to directly accommodate the drive train 
housing so that loads can be efficiently transmitted from the machine into the tower thus 
overcoming a major problem of existing turbines. 

-- Advanced Design 
overspeed Limiters 
(Stored Inside Blade Tips) 

Integral Gearbox/Mainframe � 
\lind Direction __ 

Totally Enclosed ;I 
Induction Generator __;I J 

Airfoil Shaped 
Rotating 
llood/Epoxy 
Tower ------1 

Yaw Bearing __.
(\Ieight Supporting) 

Electrodynamic 
Brake CC>f190nents \ 

(Inside Tower Base) � .• 

I 

-------- 33 Meter Diameter 
Two-Bladed 
llood/Epoxy Rotor 

� Flow-Through 
� Rotor Construction 

"-- Elastomeric;lly 
Teetered Hub 

--- SERI Advanced Airfoil 

Yaw Bearing _: 1 
-

--
----:--:-

-(-Moment Reactin,.,��)J�-�;;;:· =t=------
• . 
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Figure 6 - 33/350 Wind Turbine 
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The entire tower is pivoted at its base and configured like a large wind turbine blade 
with its root end at ground level. Aloft, the tower becomes a symmetrical airfoil with its major 
axis aligned with that of the turbine and the gearbox/mainframe is fastened directly to the tower 
top so that the wind machine and tower rotate together as a unit. This keeps the narrow axis 
of the airfoil tower in line with the wind and dramatically reduces tower shadow effects 
permitting smooth downwind operation. A major advantage of this design approach is that it 
allows a large wind machine to operate in the downwind, passive yaw mode without the need 
for expensive and troublesome yaw drive components and controls. 

This configuration allows yaw properties to be tailored by tower trail. The downwind 
tilt of the tower puts both the tower area and rotor/nacelle drag well downwind of the yaw axis 
without requiring a large rotor overhang. As a result, large yaw forces can be generated 
naturally by the geometry and configuration choice. While the resulting yaw moments increase 
more or less l inearly with trail, the yaw moment of inertia goes up nearly as the square, so that 
reduced angular rates can be provided by increasing the trail. 

Initially an induction generator will be utilized. However, a variable speed option will be 
further explored once the tower concept is validated. Using NRELJDOE guidelines for 
economic evaluation, the projected cost of energy for this turbine is less than $0.04 per kWh. 
The AOC 33/350 will be very competitive with all other generating options. 

Based upon the success of this program, Atlantic Orient Corporation will introduce its 
new 50 kW turbine, the AOC 1 5/50, in 1 992. This high reliability, cost effective turbine will 
change the way generating alternatives are evaluated. We intend to set the standard for others 
to follow. In addition, this turbine will be certified to the latest international standards. The 
AOC 33/350 turbine will be ready for the utility wind power station market by 1 995. This 
turbine will include technically innovative concepts which will dramatically lower the cost of 
energy and unlock the deployment of wind turbines as a central station option for utilities 
throughout the world. 
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SUMMARY 

Objective: 

The intent of this project was to develop conceptual designs for advanced wind turbines 
based upon an evaluation of existing Enertech 44 wind turbines. These advanced turbine 
designs focused on lowering the cost of energy (COE) to a level that makes wind a competitive 
generating technology in a wide distribution of wind regimes. 

Discussion of Results: 

Based upon a thorough evaluation of our data base we first completed a conceptual 
design of a three-bladed, downwind, 50 kW wind turbine generator that will produce energy 
at a cost below $0.05/kWh in the Site 2 wind regime (Great Plains of Texas). This near-term 
turbine design will be completed, and a prototype will be installed and tested in 1 992. 

Our advanced turbine conceptual design is a two-bladed, downwind, 350 kW turbine 
that will produce energy at a cost of $0.035/kWh in the Site 2 wind regime. The conceptual 
design includes an airfoil-shaped tower that significantly reduces tower shadow and provides 
excel lent tracking of the wind. This allows passive yaw in a downwind configuration in this 
rotor size. 

This report is organized into three major sections: 

Section 1: 
Section I I :  
Section I l l :  

Design Improvement Assessment 
Improved Turbine Conceptual Study 
Advanced Conceptual Study 

Section I documents the improvement assessment process associated with the Enertech 44 
baseline turbine. Section II discusses our design/evaluation process associated with our near
term 50 kW turbine referred to as the AOC 1 5/50. Section I l l  documents the conceptual design 
of our advanced 350 kW turbine, the AOC 33/350. 

Conclusions: 

The AOC 1 5/50 wind turbine is a near-term machine that is based upon simplicity. It 
wil l  produce energy at extremely competitive rates, which will revolutionize the way utilities, 
commercial, and industrial users evaluate their energy options. Under a follow-on program the 
design of the AOC 1 5/50 will be completed and a prototype assembled, installed, and tested 
at the US Department of Agriculture (USDA) Bushland, Texas test site. We expect prototype 
testing to be completed and commercial sales initiated in 1 993. 

The AOC 33/350 Advanced Wind Turbine conceptual design has the potential to 
dramatically lower the cost of energy. We expect this util ity-grade turbine to unlock the mass 
market for machines in its size range. However, several design issues need to be addressed 
as the final design evolves. We expect that a significant amount of physical and mathematical 
modeling wil l  be required during the course of product development. 

We at Atlantic Orient are excited about the potential of the 1 5/50 and 33/350 wind 
turbines. Our intent is to introduce the 1 5/50 in the 1 993 time frame and the 33/350 turbine 
in the 1 995 time frame. 
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SECTION I 

DESIGN IMPROVEMENT ASSESSMENT 



1 .0 Introduction and Summary 
Under Task 1 of Advanced Wind Turbine Design Studies Contract ZG- 0 - 1 9 0 9 1 - 1 , the 

Atlantic Orient Corporation has evaluated the historic performance of a significant number of 
Enertech 44 series wind turbines. As a result of this

· 
analysis, problem areas have been 

identified and rank ordered according to their contribution to turbine downtime. 

Specific potential solutions to downtime-related problems were conceptualized, and the 
impact of the various options was evaluated on an economic and risk basis to further define 
the benefits of each candidate improvement. At this point the candidate improvements were 
rank ordered on an economic and risk basis. From this information the candidate 
improvements to be carried forward into Task 2, Conceptual Design Study, were identified. 

This section of the report summarizes the design improvement assessment process 
associated with Task 1. As a result of this assessment, we carried into Task 2 a retrofit 
package for existing E44s as well as two competing two- and three-bladed concepts for a new 
50 kW turbine. Our economic analysis indicates that the retrofit package could reduce the 
cost of energy (COE) of the existing turbines from 1 1  cents per kWh to 6.2 cents per kWh. 
Furthermore, our concepts for a new 50 kW turbine have the potential to produce electricity 
at a cost below 5 cents per kWh. 
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2.0 Baseline Turbine Description 

The baseline design selected for analysis and improvement is the Enertech 44 series 
turbine, specifically the model E44/ 6 0 shown in Figure 2.0-1 . The initial design originated with 
a DOE contract in 1 979 and has a well documented history of development and performance. 
Over 750 machines have been installed in wind power station applications beginning in 1 982. 
The unique simplicity of the Enertech design makes it a particularly attractive model on which 
to build. 

The Enertech 44/6 0 is a three-bladed, fixed-pitch, rigid-rotor turbine that sits atop a 24.4 
m (80 ft) lattice-type steel tower. The turbine operates downwind of the tower in "free yaw." 
There is no yaw drive or damper; the unit seeks a stable downwind operating position by 
virtue of its geometry with respect to the yaw axis. Peripherals such as the dynamic braking 
system and electrical controls are mounted in a ground-level enclosure. 

2.1 E44 Design Characteristics 

Table 2.1 -1 identifies the major design characteristics of the E44 turbine. The Enertech 
model 44/ 6 0 has a rotor diameter of 1 3.4 m (44 ft) and uses three wood-epoxy blades rigidly 
mounted to a cast steel hub. The turbine operates in a fixed-pitch mode and relies on 
aerodynamic stall to limit output at high wind speeds. The Clews-Zuteck airfoil was developed 
specifically for this turbine in 1 980. 

The E44/6 0 rotor is attached directly to the low-speed shaft of a planetary speed
increaser gearbox that converts the 6 8  rpm rotor speed to the required 1 800 rpm generator 
speed. The generator is an induction unit similar to a standard large electric motor. 

For shutdown, braking is achieved using a dynamic braking system that causes the 
induction generator to act as a brake. To bring the turbine to a complete stop, a small 
parking brake is utilized in conjunction with the dynamic brake. 

Overspeed protection is provided by a latched tip brake on each blade. The brakes 
are centrifugally activated whenever an overspeed condition exists. 

2.2 E44 lntemal Design Details 

The primary elements of the Enertech 44 nacelle assembly are illustrated in Figure 2.2-
1 .  The generator is mounted directly to the high-speed end of the transmission. The 
mainframe is a steel weldment that supports the gearbox and connects it to the turntable yaw 
bearing assembly. The fiberglass nacelle housing assembly is provided for environmental 
protection. It can be opened or removed for service. A fiberglass spinner covers the hub 
primarily for appearance. The parking brake has a manual release. In later models (including 
the 44/6 0 )  the dynamic brake was relocated to ground level for easier service access. A twist 
cable conducts generator output to the base of the turbine. A yaw lock fixes the yaw position 
of the turbine for servicing purposes. 
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TABLE 2.1 -1 

ENERTECH 44 DESIGN CHARACTERISTICS 

RATED OUTPUT 
ROTOR DIAMETER 
BLADE LENGTH 
BLADE N UMBER 
BLADE PITCH 
AIRFOIL 
HUB 
ORIENTATION 
GEARBOX/MAINFRAME 
GENERATOR 
PRIMARY BRAKE 
OVERSPEED PROTECTION 
CONTROL SYSTEM 
TOWER TYPE 
TOWER HEIGHT 
FOUNDATION 
POWER FACTOR 
CORRECTION 

2.3 Enertech 44 Output Curves 

40 - 6 0 kW 
1 3.41 M ( 44 FT) 
6.4 M (21 FT) 
3 
FIXED 
CLEWS - ZUTECK 
RIGID 
DOWNWIND 
SEPARATE COMPONENTS 
INDUCTION 
ELECTRO-DYNAMIC 
TIP BRAKES 
SIMPLE ON-OFF 
STEEL LATTICE 
2 4.38 M (8 0 FT) 
CONCRETE 
AT EACH MACHINE 

The Enertech 44/ 40 and 44/ 6 0 hub height output curves are shown in Figure 2.3-1. The 
Enertech 44/ 40 cuts in at 3 m/s (8 mph) and reaches its rated power of 40 kilowatts at a wind 
speed of 1 3.4 m/s (3 0 mph), peak power is 43 kW at 25 m/s (55 mph). 

The Enertech 44/ 6 0 ,  due to its slightly higher rotor speed, cuts in at 4 m/s (9 mph) 
and reaches its rated 6 0  kW output at a hub height wind speed of 1 5.6 m/s (35 mph). Peak 
power (64 kW) is reached at 27 m/s ( 6 0 mph). At wind speeds above this level the unit is 
shut down for protection. The E 44/6 0 power curve was adopted to represent the baseline 
turbine case against which design improvements could be compared. 

2.4 Enertech 44 Baseline Energy Output 

For the purpose of establishing a baseline, the Enertech 44/40 and 44/6 0 output curves 
were used to calculate annual energy output at the three sites specified in the contract 
statement of work. The results are provided in Figure 2.4-1. 

At Site #2, the Great Plains (Texas) site, E 44/ 40 annual output is projected at 1 6 0 , 6 6 0  
kWh, while the E 44/ 6 0 projection is 1 8 6 ,292 kWh. This assumes an 82-foot hub height and 
1 0 0 % availability. This later figure was used as the baseline output in our economic analyses. 

Of the three sites, Site #2 clearly shows the highest energy output projection. It is 
interesting to note, however, that the projected output at Site #3 exceeds that of Site #1 even 
though the mean windspeed for Site #1 is greater. This results because the windshear 
coefficient given for Site #1 is zero, whereas Site #3 has day and night windshear coefficients 
of 0.25 and 0.35 respectively. 
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2.5 Machine Performance History 

Several generic problems affected the operating time of the E44 series of turbines 
during the debugging or shakedown phase of a wind power station project in Altamont Pass, 
referred to as Altech I. These problems were investigated and remedied by Enertech and 
others and have not recurred. In addition, a series of electrical measurement difficulties were 
experienced that have subsequently been eliminated by the wind energy project manager. 

The system debugging problems were: 

• A materials problem in the foundation anchor bolts. Metallurgical analysis 
indicated that improper heat treating of the high-strength steel resulted in 
brittleness and fracture. The bolt supplier assumed responsibility for the expense 
of replacing the bolts. 

• A component adjustment in the tip brake assemblies of each machine was made 
after a series of premature tip brake deployments. This nuisance problem 
lowered power output. 

• Several electronic component and wiring changes were made to the electro
dynamic brakes after brake malfunctions occurred under unusual combinations 
of utility line and wind conditions. These same brakes have functioned properly 
during subsequent combinations of the same conditions. 

• A susceptibility of Altech I generator windings to electrical shorts under extremely 
wet conditions became evident with the beginning of the rainy season in the fall 
of 1 984. The generators that failed were replaced by units with specially treated 
windings to increase insulation thickness and impregnability. 

• Problems related to the accumulation of bugs and other material on the blades, 
which results in substantially reduced performance, are currently being 
addressed by a cleaning program. 

• In 1 985 and 1 98 6  cracks were found in the upper tower legs, the leveling plates, 
and the yaw bearing of several Enertech Model 44 wind machines located in San 
Gorgonio Pass. The Westinghouse Electric Corporation was retained to design 
and test a retrofit package to correct these problems. The cracks in the tower 
legs were found to be fatigue cracks caused by bending in the leg; a result of 
the method of attachment of the wind machine to the tower. This was corrected 
by placing a pin joint between the top flange of the tower leg and the leveling 
plate of the wind machine, thus eliminating the bending moments that were 
causing the problem. In additicm, the legs in the top section of the tower were 
replaced with ones made from heavier pipe. The cracking of the yaw bearing 
and the leveling plate to which it was mounted was caused by fatigue as a result 
of flexing of the leveling plate. This was corrected by the addition of stiffeners 
welded to the leveling plate and by replacing the yaw bearing with one of higher 
capacity. The service experience with the upgraded tower top design has been 
marginally acceptable. 

• In 1 988 and 1 989 failures occurred in a bushing at the interface between the 
tower and the tower top. This was a supply problem; incorrect bushings had 
been installed. 
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• 1 990 saw gearbox shaft failures on some machines in San Gorgonio. A repair 
program is underway. 

9 



3.0 Design Improvement Assessment Process 

The design improvement .assessment process, Figure 3.Q-1 , was the crucial first step 
in assessing field experience and identifying the design needs of both retrofit packages for 
existing turbines and concepts for the design of a new turbine. Our data base included 
Enertech 44/40 and 44/ 6 0  turbines located in significant quantities in San Gorgonio as well as 
individual and small groups of machines scattered throughout the hemisphere. 

A computerized data base was developed to interpret the data and convert it to 
information that included incidence as well as downtime characteristics of the existing turbines. 
In addition, discussions were held with wind power station operators and component suppliers 
to review the data analyses and solicit input for future design considerations. 

As a result, trends associated with historic operating experience have been identified 
and specific problem areas have been rank ordered by downtime and number of incidents. 
With the results of the data analysis and a rank ordering of the problems completed, we 
proceeded to identify and develop candidate turbine improvements. For each of the potential 
design improvements, we evaluated the potential performance impact on the turbine. In some 
instances we combined improvements that were synergistic. 

The key technical problems for each of the candidate improvements were identified, and 
an economic analysis was performed to determine the cost of energy that would result from 
the incorporation of the improvements in the turbine design. As a result of these analyses, we 
selected specific design features to carry forward into Task 2. 

1 0  
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4.0 Data Base Description 

Over 750 Enertech E44 series turbines have been installed worldwide. Most are in the 
United States, and the majority are located at large wind energy projects in California as 
depicted in Figure 4.0- 1 .  Between late 1 983 and 1 985, 228 turbines were installed in the 
Altamont Pass area of northern California, and 3 1 9  units were installed in the San Gorgonio 
Pass near Palm Springs in southern California in 1 984 and 1 985. Of these, 1 44 units are at 
the 'Windustries" site, which is operated and maintained by OESC, Inc. Since late 1 987 ,  
operation and maintenance records for the Windustries site have been computerized, allowing 
simplified data reduction and analysis. For this reason, we have used the Windustries data 
extensively in our analysis and consider it representative of Enertech 44 performance at high 
turbulence (worst-case) wind power station locations. This sample represents approximately 
1 /5 of the installed Enertech 44s. 

Single machines installed at Hull, Massachusetts and Bushland, Texas were also useful 
for the data they provided. The Bushland Turbine has been in continuous operation since May 
of 1 982, and the USDA Research Center has conducted considerable testing on this machine. 
Many of the Enertech 44s have an excellent operating history in the less than worst-case 
environment of San Gorgonio. Recent data from Bushland is provided in Table 4.0- 1 .  The 
overall availability was an impressive 98% for this period. Other machines located in North 
America with long operating records were subjectively studied. 

The "Princeton" segment of our data base consists of eight Enertech 44s brought on 
line in 1 984 in the town of Princeton, Massachusetts. The wind power station is owned and 
operated by the Princeton Power and Light Company. The site is visited weekly by utility line 
personnel who check the status of the farm and record incidents manually in a logbook. 
There is no remote monitoring and downtime is not recorded, only the number of incidents. 
As a result, the data is useful due to its longevity ( 1 984 thru 1 990) but limited because 
downtime is not monitored. 

In addition to the logbook data, we held discussions with the manager of Princeton's 
Power and Light department, as well as the independent contractor, performing most of the 

. service work on these turbines. 
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Time Per iod 

JAN 2 - FEB 1 ,  1 990 
FEB 2 - MAR 1 ,  1 990 
MAR 2 - APR 1 ,  1990 
APR 2 - MAY 1 ,  1 990 
MAY 2 - JUN 1 ,  1990 
JUN 2 - JUL 1 ,  1990 
JUL 3 - AUG 1 ,  1990 
AUG 1 - SEP 1 ,  1990 
SEP 4 - OCT 1 ,  1990 
OCT 1 - NOV 1 ,  1 990 
NOV 1 - DEC 3, 1990 
DEC 4 - JAN 2, 1991 

SUMMARY 

No. of Days 
I n  Time Per i od 

31 
28 
31 
30 
31 
31 
29 
34 
27 
31 
32 
30 

365 Days 

Table 4 . 0 - 1  

Summary o f  Enertech 44/50, Bush land, Tx . Jan 2 ,  1 990 - Jan 2 ,  1991 

Average Power 
Operating Connect Net Energy Wh i l e Operating Avai l abi l i ty 
Time (hrs )  (%) Produced ( kWh ) ( kW) (%) 

492 . 5  66 8176 1 6 . 6  1 0 0 . 0  
496 . 0  74 7571 1 5 . 3  100.0  
461 . 0  62 7201 1 5 . 6  1 0 0 . 0  ' 
507. 1 70 8974 17.7 100.0 
591 . 6  80 9540 1 6 . 1  100.0 
582 . 1  78 9564 1 6 . 4  1 00 . 0  
509.7 73 7417 14.6 1 00 . 0  
551 . 5  68 4770 8.6 1 00 . 0  
308.4 48 2633 8.5 99. 0  
541 .3 73 7707 1 4 . 2  1 0 0 . 0  
470 . 6  61 9009 1 9 . 1  99.9 
307.8 43 4030 1 3 . 1  76 .6 

5819 . 6  Hrs 66 % 86592 kWh 1 4 . 9  kW 98 . 0% 

Wi ndspeed 
Atmospheric I At 10 m 

(m/s) (mph) 
Densi3y 
( kg/m > I 

5 . 7  1 2 . 8  1 . 12 
6 . 2  1 3 . 9  1 . 1 1  
5 . 3  1 1 .9 1 . 09 
6 . 4  1 4 . 3  1 . 08 
6 . 7  1 5 . 0  1 . 05 
6 . 7  1 5 . 0  1 . 03 
6 . 0  13.4 1 . 04 
5 . 5  12.4 1 . 04 
4 . 5  1 0 . 1 1 . 05 
5 . 8  1 3 . 0  1 . 08 
5 . 8  1 3 . 0  1 . 1 0  
5 . 1  1 1 .4 1 . 1 2 

5 . 8  m/s 1 3 . 0  mph 1 . 08 kgtm3 



5.0 Data Base Evaluation 

Figure 5.0- 1 illustrates the Windustries availability profile for the period December, 1 987 
through October, 1 990. Testing for cracks in the low-speed shaft occurred in early 1 988, which 
significantly impacted availability. In February of 1 989, a significant number of dynamic brake 
failures were experienced coincident with high-wind conditions. 

Low-speed shaft cracks shut down most of the farm in March, 1 990. In September, 
1 990, gearbox failures forced the entire farm to be shut down pending investigation of the 
problem. 

To explore the impact of array effects on availability, Figure 5.0-2 was developed. Here 
the composite availability of each turbine in the farm over the 1 988-1 990 time frame is 
illustrated. There is no obvious relationship between location in the array of turbines and 
availability. However, it does appear that the first few rows have lower average availability than 
the remainder of the farm. This may be explained by the fact that the bulk of the turbines in 
the first two rows were Enertech 44/60s while the remainder are 44/40s. 

5.1 Incidence Results 

Windustries experience with downtime incidents during the 1 988- 1 990 time frame is 
shown in Figure 5.1 - 1 . For each of the major turbine subsystems the number of related 
downtime incidents is plotted in stacked bar chart format. Each segment of the vertical bars 
represents the number of incidents for a particular year. The categories of routine maintenance 
and shutdown appear to dominate the data. 

To better understand the Windustries downtime incidents of the major subsystems, 
Figure 5.1 -2 illustrates the downtime incidents data exclusive of the power distribution, routine 
maintenance, shutdown and "other'' categories. The vertical axis has been expanded to 
simplify the interpretation. Obviously tip brakes and the control system were major contributors 
to downtime incidents during this period of time. 

The stacked bar graph of Figure 5.1 -3 identifies the downtime incidents of the Princeton 
wind power station for the period 1 984 - 1 990. Tip brakes were the overwhelming cause of 
downtime incidents during this time period, accounting for more than half of the incidents. The 
control system, the dynamic brake, and parking brake make up the majority of the remaining 
incidents. 

To better understand the Princeton data, Figure 5.1 -4 displays the downtime incidents 
exclusive of the tip brake incidents. The control system, dynamic brake, parking brake, and 
twist cable now dominate the downtime incidents. It became common practice for the 
Princeton line crew to disconnect and untwist the power cable on a routine basis. 

Since the three major subassemblies associated with the braking system (tip, dynamic, 
and parking brakes) contributed the vast majority of the downtime incidents at Princeton, the 
data is further refined in Figure 5.1 -5. A full half of the tip brake downtime incidents were a 
direct result of scheduled replacement of tip brake components. Approximately 20% were 
resolved by resetting the tip brakes, and slightly over 1 0% were associated with inspection and 
adjustments. Approximately 1 5% of the incidents were related to actual tip brake failure. It is 
difficult to determine from the logbook data whether the tip brake failures and deployments 
were the result of dynamic brake failures. 

1 5  
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The dynamic brake incidents were due mainly to component failure. The resistors, 
capacitors, and contactors that failed were replaced with exact duplicates. The configuration 
and the location of the dynamic brake have been changed several times. 

Replacement of the brake disk and general failure were the major sources of downtime 
incidents associated with the parking brake. It is suspected that these problems resulted 
whenever the parking brake was used to back up the dynamic brake when the dynamic brake 
had experienced a failure. 

A summary of the maintenance events associated with the eight turbines at Princeton 
is presented in Table 5.1 -1 . The data is broken down by major components for the years 1 984 
- 1 990. The trio of braking subsystems - tips, dynamic brake, and parking brake - constitute 
approximately three quarters of the maintenance occurrences. The control system contributed 
one-eighth of the maintenance occurrences and untwisting of the power cable approximately 
eight percent. The twisting power cable problems are directly related to the length of the 
cable. Princeton's cables were installed with insufficient length to accommodate twisting. The 
six incidents related to the generator were a result of insulation breakdown in the end turn 
area, which required rewinding of the failed generators using vacuum pressure impregnation 
to protect against moisture. 

Table 5 . 1 - 1  · �  

" 
Summary of Pri nceton, MA Mai ntenance - :·� 

1 1984 1 1 985 1 1 986 1 1 987 1 1988 1 1 989 I 1 990 I Tot a l  I % of Tota l 

Tip Brakes 17 16 51 . 1 7  % 
Control Hdwr 2 I 9 I 3 I 1 I 2 I 5 4 I 26 1 2 . 21 % 
Dynamic Brake 2 8 . 92 % 

I Parking Brake I 1 0  1 8  8 . 45 % I Twist Cable I 1 6  7 . 5 1  % 
I Mise I 3 . 29 % 

Generator 2 . 82 % 
I I B lades * 1 .88 % I Yaw Bearing 1 .88 % 
I Tower 2 I 1 I 3 I 1 .41 % I Contactor I 1 I 1 I 0 .47 % 
I Foundat ion I 0 I 0 . 00 % I Gearbox I 0 I 0 . 00 % 
I Gearbox Shaft I 0 I 0 .00 % I Hub I 0 I 0 . 00 % 
I I I 

Mai nframe I 0 I 0 .00 % 
Tota l :  A l l  Repa i rs 

I * Note: B l ade ref inish i ng ,  not replacement 

2 3  



It is significant to note that the eight turbines at Princeton have operated reasonably well 
during their 7-year history. In 56 turbine years a total of 2 1 3  repairs have been documented. 
This amounts to less than four maintenance events per turbine per year. Princeton has 
experienced very few structural, blade, hub, mainframe, gearbox, and foundation problems. 
This experience is significantly different from the turbine history in the Palm Springs area where 
turbulence is significant. 

5.2 Downtime Results 

While number-of-incidents data is interesting, the only source of revenue in a wind 
power station is energy production. Therefore, downtime can have a significant impact on the 
financial performance of the project. A single incident that disables an entire wind power 
station for days, weeks, or months is more significant than a nuisance problem that occurs 
frequently yet results in a minor production loss. 

Figures 5.2-1 , 5.2-2, and 5.2-3 illustrate total turbine downtime in hours, at Windustries, 
for each of the major subsystems for 1 988, 1 989, and 1 990 respectively. In each figure the 
shutdown category resulted from precautionary and inspection shutdowns - associated with 
mainframe and gearbox shaft cracks. The data is consistent with the overall availability profile 
presented in section 5. 1 . 

A composite stacked bar graph of machine downtime is presented in Figure 5.2-4. The 
gearbox shaft, gearbox, mainframe, and shutdown categories dominate the downtime data. 
However, there are several other significant sources of downtime including the generator, tower 
and top, and the power distribution system. A composite pie chart of downtime causes for the 
period 1 988 - 1 990 is provided in Figure 5.2-5. This highlights the significance of structural
related problems as a critical contributor to turbine downtime. 

It is of interest to note that the power distribution system accounted for a full 6% of all 
downtime. This subsystem includes all electrical equipment from the base of the tower to the 
wind power station/utility interface. 

To enhance our understanding of downtime contributors, Figure 5.2- 6 was developed. 
This pie chart illustrates downtime causes other than structural failures and the gearbox, which 
dominated the previous figure. Of the remaining causes of downtime the power distribution 
system, generator, and all three segments of the braking system are significant contributors. 

Since Windustries consists of both E44/40s and E44/60s, the downtime data was 
segmented to determine model specific sources of downtime. Figure 5.2-7 presents a pie chart 
of the downtime causes related to the E44/40. In this case the gearbox shaft, gearbox, and 
mainframe dominate. 

Figure 5.2-8 presents the downtime causes related to the E44/60. In this case 
mainframe, precautionary shutdown, gearbox shaft, and tower top dominate. All the Enertech 
44s were retrofitted with the Westinghouse tower top fix as a result of significant tower top 
failures. The tower and tower top downtime causes shown here are primarily due to tower bolt 
replacement, tower bolt retorquing, and repair of cracked tower brace clips. 

In Figure 5.2-9 the E44/40 and E44/60 downtime rates per machine year are compared 
for each major subsystem. Mainframe cracking occurred preferentially in the 60 kW machine 
due to higher than expected· gyroscopic loads. This probably is a direct result of the higher 
loadings in the 60 kW machine from both peak power load (60 vs 40) and rotor speed ( 6 8  rpm 
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Figure 5 .2 - 1  Windustries - Machine Downtime, 1 988 
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Figure 5 .2-2 Windustries - Machine Downtime , 1 989 
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Figure 5.2-3 Windustries - Machine Downtime, 1990 
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Figure 5.2-4 Windustries - Machine Downtime 
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vs 58). The higher rpm resulted in higher gyroscopic loads. Interestingly, the gearbox shaft 
downtime rate is about the same for both machines. This may not be due to failures in the 
4 0 S  but due to inspection. The tower and top downtime occurred exclusively in the 6 0  kW 
machine. This is not due to failure of the enhanced tower top plate, but rather is due to 
cracks in the lower tower leg and broken bolts in the legs and retorquing of all tower bolts. 
The increased rotor speed in the 6 0  and increased peak power level seem to have caused 
failures in the 6 0 's while no problems were noted in the 4 0 s. 

The gearbox downtime rate is higher for the 4 0 s  than the 6 0 s. This may have occurred 
because the 60S were shut down for other problems while the 4 0 s  continued to run and 
therefore, accumulated many more operating hours. The normalization of Figure 5.2-9 did not 
account for actual running time of the machines. Inspection shutdown hours plus mainframe, 
gearbox, and tower downtimes were in excess of 45 0 0 hours per year for the 6 0 s in the 1 988 -
1 99 0  time frame. It may be concluded that mainframe and tower problems were highly biased 
towards the E44/6 0 ,  while the gearbox and shaft problems were probably t,miformly distributed 
between both machines. 

5.3 Energy Capture Analysis 

To determine the effect of losses on the wind power station, we developed the data 
depicted in Table 5.3-1. The source of the data is Windustries for the time frame of 1 2/87 
through 1 0 /9 0. The average windspeed during this period was 1 8.74 mph. 

Based upon the actual availability of the turbines, we calculated a combined output of 
3 6 ,3 0 0 , 0 0 0  kWh over this time period. The actual production obtained through billing data 
amounted to 3 0 ,3 0 0 ,3 0 0 kWh. The 1 6 % difference is consistent with anticipated losses for the 
farm, which include array effects, power distribution system, soiled blades, and the control 
system. 

TABLE 5.3-1 
ENERGY CAPTURE ANALYSIS 

Data from Windustries, December 1 987 through October 1 99 0  with a measured average hub 
height windspeed = 1 8.7 4 mph 

Computation of Total Expected Annual Production at this Site 

I I I I I ACTUAL I TURBI NE TURBI NES 
TURBINE iil 1 00% AVA! L .  AVA I LAB ILITY I OOTPUT kWh ON SITE 

E44/40 166, 000 kWh/yr I 60 . 0% 99 , 600 96 
I 

E44/60 1 198,300 kWh/yr I 37. 1% 73, 570 48 

3 4  



Total Projected (@ Actual Avail.) = 36,300,000 kWh (for the period 1 2/87 thru 1 0 /90) 

Net Production = 30,300,000 kWh from Windustries Data Base 

or 84% of Projected 

This is consistent with our estimate of losses due to array effects, power distribution 
system, soiled blades, and the control system. 

5.4 E44 Operations and Maintenance (O&M) Costs 

Operations and maintenance (O&M) costs for the baseline Enertech 44 design were 
developed as a composite of data from the 1 984 R. Lynette & Associates independent study 
on the E44/40 operating historic data and actual figures from the Windustries wind power 
station in Palm Springs, California, O&M costs are illustrated in Table 5.4-1 .  All figures were 
converted to 1 989 dollars. 

These figures do not include the cost of land and permitting. A land lease figure 
appropriate to the site in question and the amount of land required per turbine was added later 
as part of the economic model. They also do not include the cost of retrofits to the turbines. 
The total O&M figure for the baseline machine is $1 ,484. With liability insurance added, this 
figure becomes $1 ,65 0 per year. 

TABLE 5.4-1 

ENERTECH 44 
OPERATION & MAINTENANCE COSTS* 

OPERATIONS 

Monitoring Operations 
Coordinating Repairs, Etc. 

MAINTENANCE & REPAIRS 

Direct Costs (per WTG/year) $1 ,226 
Indirect Costs (per WTG/year) 1 48 

TOTAL M&R 

TOTAL OPERATIONS/MAINTENANCE 

Insurance 

PREDICTED OPERATION & MAINTENANCE 
& INSURANCE (COSTS UPDATED TO 
1 989 DOLLARS) 

$ 1 1  0 per WTG/year 

$1 ,37 4 per WTG/year 

$1  ,484 per WTG/year 

$ 1 66 per WTG/year 

$ 1  ,650 per WTG/year 

*Cost Data From: "Reliability & Maintainability Analysis for the Enertech 44/40 Wind Turbine 
System", by R. Lynette & Assoc., May 1 984, updated to 1 989 dollars; and 
from OESC, N. Palm Springs, CA. 
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5.5 Rank Ordering of Causes 

In Table 5.5- 1 the causes of downtime have been ranked from 1 to 17 according to the 
total hours of downtime. The gearbox shaft accounts for slightly less than one quarter of all 
downtime hours. The average availability was 53%. 

TABLE 5.5-1 

WINDUSTRIES 1988, 1 989, 1 990 ( 1 0  MONTHS) 
RANKI NG OF DOWNT IME CAUSES BY DOWNTIME HOURS 

� HOURS PERCENT 

1 GEARBOX SHAFT 41 5032 24 . 36% 
2 MAI NFRAME 290290 1 7. 04% 
3 I NSPECT I ON SHUTDOWN 262914 1 5 .43% 
4 GEARBOX 209674 1 2 .31% 
5 TOWER AND TOP 1 1 8262 6 . 94% 
6 POWER D I STRIBUTI ON 1 06542 6 . 25% 
7 GENERATOR 83673 4 . 91 %  
8 DYNAMI C  BRAKE 61928 3 . 63% 
9 T I P  BRAKES 56070 3 . 29% 

1 0  PARKING BRAKE 46392 2 . 72% 
1 1  OTHER 26884 1 .58% 
1 2  CONTROL SYSTEM 13716 0 .81% 
13 ROUT INE MAINTENANCE 4731 0 . 28% 
14 TWIST CABLE 3802 0 . 22% 
1 5  BLADES 3 1 26 0 . 1 8% 
1 6  HUB 627 0 . 04% 
1 7  YAW BEAR I NG __ 8 0 . 00% 

TOTAL 1703671 100.00% 

AVERAGE AVAILABILITY 52.73% 

Table 5.5-2 ranks the causes of downtime by number of incidents for the same 17 
categories. Routine maintenance and inspection shutdowns accounted for more than 6 0% of 
all incidents. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

1 0  
1 1  
1 2  
1 3  
1 4  
1 5  
1 6  
1 7  

TABLE 5.5-2 

WI NDUSTR I ES 1988, 1989, 1 990 ( 1 0  MONTHS) 
RANKING OF DOWNT IME CAUSES BY NUMBER OF I NCIDENTS 

NO. 

� INCIDENTS 

ROUTINE MAI NTENANCE 3067 
I NSPECT ION SHUTDOWN 2342 
POWER D I STRIBUTION 980 
T I P  BRAKES 545 
CONTROL SYSTEM 474 
OTHER 380 
TWIST CABLE 189 
BLADES 1 71 
DYNAMI C  BRAKE 169 
GEARBOX 149 
PARKI NG BRAKE 137 
MAIN FRAME 1 24 
HUB 92 
GEARBOX SHAFT 58 
GENERATOR 5 1  
TOWER AND TOP 36 
YAW BEARI NG 4 

TOTAL 8968 
3 6  

PERCENT 

34. 20% 
26. 1 2% 
1 0 . 93% 

6 . 08% 
5 . 29% 
4 . 24% 
2 . 1 1% 
1 .91% 
1 .88% 
1 .66% 
1 . 53% 
1 .38% 
1 .03% 
0 . 65% 
0 . 57% 
0 . 40% 
0 . 04% 

100.00% 



A more definitive rank ordering of downtime is provided in Table 5.5-3. Structural failures 
related to excessive operating loads account for 6 3% of all downtime. The structural failures 
include gearbox shaft cracks/failures, mainframe cracks/failures, precautionary shutdown for 
related inspections, and tower/tower top cracks and failures. The data suggests two alternative 
design approaches: reduce the loads or design a turbine to accommodate the loads. 

TABLE 5.5-3 

DATA BASE EVALUATION - ENERTECH 44 

PRIMARY CAUSES OF DOWNTIME BY DOWNTIME HOURS 

1 )  Structural Failures due to Excessive Operating Loads 6 3% 

a) Gearbox Shaft Cracks & Failures 24% 
b) Mainframe Cracks & Failures 17 % 
c) Precautionary Shutdown 1 5% 

(for Inspection of Above) 
d) Tower & Tower Top Cracks & Failures 7 %  

2) Gearbox Failure - Premature Bearing Wearout 1 2% 
3) Power Distribution & Utility Co. Problems 6 %  
4) Generator Failure due to Shorting of Windings 5% 
5) Dynamic Brake Failure (marginal capacity, poor 4% 

components) 
6 )  Tip Brake Malfunction and Maintenance 3% 

7 )  Parking Brake Repair/Replacement 3% 
8) Control System 1 %  
9) All Other Causes Including Routine Maintenance 3% 

5.6 Loads Data 

The E44 machines were designed for the deterministic loads of service with load 
considerations as shown in Table 5.6 -1 .  These loads are composed of the gravity, inertial, and 
steady-state aerodynamic loads. The E44 machines used loads that were scaled up from 
measurements on a 25 kW prototype. Operation in nonturbulent environments, such as Texas 
and Massachusetts, has demonstrated the E44s ability to function for long periods of time 
without major structural problems. The substantial experience base of the E44s uniquely 
demonstrates their design suitability for nonturbulent conditions. Hand calculations and 
MOSTAB and PROP simulations of the E44 have been performed to confirm their deterministic 
loadings. 

In the turbulent environments of San Gorgonio and Tehachapi, and to a lesser extent 
at Altamont, the machines have demonstrated a very rapid yaw rate. Peak rates of 60° per 
second were recorded, and somewhat higher values probably occur under the worst 
conditions. The precessional overturning moment of an E44/ 6 0 when yawing at 6 0 ° per second 
is calculated at ± 39,55 0 N-m (35 0 , 0 0 0  in lbs). That is well above the power induced torque 
of approximately 1 1  ,3 0 0 N-m (1 0 0 , 0 0 0  in lbs) and represents a new and unanticipated load. 
Field measurements of the overturning moment range at the tower top under relatively severe 
wind conditions in San Gorgonio produced a total range of 9 6 , 0 5 0  N-m (85 0 , 0 0 0  in lbs) 
including turbulence effects. Many of the problems encountered in California machines relate 

3 7  



directly to the high-yaw-rate induced loading. The cracking of the yaw bearings, top plate, leg 
tops, and mainframe in California machines is attributable to the high-yaw-rate induced 
precessional moments. At the present time (1 990-91 ) the capability to predict yaw rates in free 
yaw machines is just emerging. For the E44 machines it is prudent to use precessional yaw 
moments associated with ± 80 degrees per second. 

The YAWDYN program was used indirectly to predict yaw moments for the E44 turbines. 
This program was modified using E44 data. It is clear that a better definition of the 
aerodynamic environment of candidate sites is needed to accurately assess machine response. 

The E44/ 6 0 deterministic loads were characterized with PROP, MOSTAB, and FlAP. 

TABLE 5.6-1 

E44 LOADS CONSIDERATIONS 

- Machine Designed for Deterministic Loads 
Gravity 
Inertia 
Steady-State Aerodynamic 

- Loads From Prototype Were Scaled for 40 & 6 0  kW Units 
- Performance in Nonturbulent Environments Good 

Texas 
Massachusetts 

- Yaw Rates High in Turbulent Environment 
Recorded 6 0°/Sec in San Gorgonio 
Large Precessional Moments Induced @ Hub 
39,550 N-m (350,000 in lbs) vs 1 1  ,300 N-m (1 00,000 in lbs) for 6 0  kW 

- High Precessional Moments Were Not Anticipated in E44 Design 
- Failure Patterns in Turbulent Environment Are Consistent With High 

Precessional Moment and Local Design Features 
Mainframe Cracking 
Top Plate Cracking 
Leg Top Cracking 

- Capability to Predict Free Yaw Rates Now Emerging - YAWDYN 
- Current Machines Now Characterized with Current Programs PROP, MOSTAB, 

starting FlAP 

Experimental data were available on both the yaw rate and the tower top loads in the 
most severe environment. Thus YAWDYN data were not needed to establish the load. 
Secondly, up at the time of this evaluation, the YAWDYN program was not verified nor were 
suitable atmospheric models available. Thus the loads used to assess the E44 were taken 
from experimental data. Clearly they are more reliable than any analytic assessment. Since 
the observed structural failures are consistent with the high yaw rates, observed loads and 
local structural details, our assessments are better than those developed solely from a 
theoretical model. 
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6.0 Economic Model Description 

The economic model developed to assess the impact of candidate design improvements 
consists of several LOTUS spreadsheets that develop the bill of material costs, annual energy 
capture, balance of plant costs, operation and maintenance costs, and retrofit costs. These 
cost and performance characteristics are then used to calculate the cost of energy. It is noted 
that this economic model does not account for the development costs associated with 
engineering, prototyping, and tooling that would be required to bring a concept to the 
manufacturing stage. 

The model assumes a wind distribution provided by NREL. The site was identified by 
NREL as Site #2 in the Great Plains region. The bill of material for the turbine cost as well 
as the balance of plant assumes a levelized production/installation rate of 50 MW per year in 
1 989 dollars. 

A discount rate of 6 . 1 %  and a fixed charge rate of 1 0.2% are included in the model. 
Land is assumed to be leased at a cost of $200/acre/year. In addition, electrical losses are 
fixed at 2%. 

The cost of energy (COE) formula accounts for the initial capital cost, annual operation 
and maintenance cost and required retrofits for the 30-year lifetime of the turbine. The annual 
expenses related to the initial capital investment are accounted for in the fixed-charge rate, 
which includes the effect of debt, equity, depreciation and taxes. The fixed-charge rate is 
multiplied by the initial capital cost to identify the annual cost of the capital investment. 

The levelized replacement cost consists of the levelized equivalent cash sums required 
for retrofit costs in future years. The costs associated with each retrofit are discounted back 
to 1 989 dollars using present value calculations, summing the present values and multiplying 
by a capital recovery factor. The COE is computed by adding the capital, O&M, and retrofit 
cost segments and dividing by the annual kilowatt hours produced, as follows: 

(FCR) (ICC) + Annual O&M + LRC 
COE = 

Annual kWh 

Where: FCR = Fixed Charge Rate = 1 0.2% 

ICC = Initial Capital Cost in 1989 $ 

LRC = (CFR) :E (PVF N) (Retrofit Cost in Year N) 

CRF = Capital Recovery Factor = 0.07 3 

PVFN = Present Value Factor @ 6 . 1 %  Discount Rate = 1 
( 1.0 6 1 )N 

N = Year Cost Incurred 
Annual O&M includes yearly land lease at Site #2 of $200/acre 
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COE = 

(.1 0 2) (1CC) +Annual O&M +( 0 . 07 3) 1: (PVFN)(Retrofit Cost : Year N) 

Annual kWh 

In addition to the COE calculation, secondary figures of merit were incorporated in the 
model as follows: 

• 

• 

• 

• 

Annual energy per rotor swept area (kWh/m2) 
System cost per square meter of rotor swept area ($/m2) 
Cost per kilogram ($/kg) 
Weight per annual energy production (kg/kWh) . 

The annual energy per swept area calculates the ratio of annual kWh per turbine to 
swept area. System cost per square meter consists of the total capital cost per installed 
turbine divided by the swept area of an individual turbine. The cost per kilogram is simply the 
cost of the turbine and tower divided by its weight. Weight per annual energy production is 
simply the turbine and tower weight divided by the annual energy production per turbine. 

These secondary figures of merit provide additional means of evaluating the relative 
merit of the various design options identified. They were used to determine the most promising 
design features to be carried on in Task 2. 
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7.0 Candidate Improvements 

As a result of the data base analysis, various problem areas were identified as shown 
in Table 7.0-1 . The problem causing the most downtime was failure of the main structural 
elements: the mainframe, tower top, and main rotor shaft. Solutions proposed for these 
structural problems fell into two categories: reducing structural loads and increasing the fatigue 
strength of affected components. Other problems causing major amounts of downtime and/or 
lost energy capture included gearbox failures due to wear of internal components, generator 
failures attributed primarily to moisture and exposure problems, tip brake nuisance problems, 
and reduced power output due to dirty blades. 

Taken together, these problems caused low average availability and thus relatively low 
energy output for the baseline design. 

PROBLEM AREA 

Structural Failures 

Gearbox Failures 

Generator Failures 

Dynamic Brake Failures 

Tip Brake Problems/Failures 

Low Energy Capture 

High Initial Cost 

TABLE 7.0-1 

PROPOSED SOLUTIONS 

4 1  

Reduce Loads 
Reduce Yaw Rate 
Reduce Rotor Speed 
Change to Teetered Hub 
Increase Strength 

)t'. 

Strengthen Main Shaft/Reduce Stress Riser 
· Str�ngthen Main Frame/Reduce Stress Riser 

Enlarge Yaw Bearing/Improve Race Support 

Strengthen Internal Components 
Reduce Loads 

Replace with Larger, Enclosed Unit 
Heat Generator to Reduce Moisture 

Increase Capacity 
Upgrade Components 
Analyze/Improve Operation 
Decrease Torque Requirement 
Change Operating Mode of Tip 
Brakes 

Eliminate Control System Delay 

Replace Tip Brakes with Alternative 
Change Operating Mode of Tip Brakes 

Change to New Airfoil 
Increase Rotor Diameter 
Modify Control System 
Modify Tower Height 

Modify Tower/Foundation Design 
Integrate Main Frame with Gearbox 
Change to Cast Tower Top 



7.1 Candidate Improvements Selected for Task 1 Analysis 

Based upon the problems and proposed solutions, a total of 1 5  candidate 
improvements were identified as shown in Table 7 . 0 -2. For each design improvement the 
resulting benefit and concept clarification are identified. 

In order to perform the required impact and economic analysis of each candidate 
improvement, it was first necessary to develop a definition and a set of assumptions for each 
improvement. First, the baseline unit was defined as the Enertech model 44/ 6 0 as built by the 
manufacturer in 1 985, but also including retrofits done through 1 98 6  including the 
Westinghouse tower top fix. For the purposes of this report, the E44/ 6 0 was assigned a 5 0  
kW rating at a 1 3  m/s (29 mph) windspeed. The existing Enertech 44/ 6 0 power curve as used 
to predict performance, and this rating point falls on the curve. The 5 0  kW rating was chosen 
in order to yield a total number of 1 , 0 0 0  turbines at the requisite 5 0  MW wind power station 
site and because we felt this was a more representative rating for the Enertech 44 series 
considering its rotor diameter and productivity at typical sites. 

Candidate improvement number 1 is the addition of a passive yaw damper. This is 
envisioned as a (possibly off-the-shelf) liquid-filled rotational damper whose torque is 
proportional to the rate of rotation. This unit is driven directly from the internal housing of the 
yaw bearing by gears. Preliminary analysis (using the YAWDYN code) has indicated that such 
a damper could reduce yaw rate and associated gyroscopic loads 5 0 %  at turbulent sites. This 
would be sufficient to eliminate structural failures of the mainframe and main shaft although it 
would impose torsional loads on the tower. 

Another way to reduce structural loads is simply to reduce the rotor speed by changing 
the transmission gear ratio. A reduction to 52 rpm would reduce loads significantly. This 
would also reduce turbine output and require 1 , 6 67 turbines to produce a 5 0  MW rated wind 
power station. Obviously this option would unfavorably impact project economics. 

A third approach to reducing loads is changing to a two-bladed teetered hub rotor. 
This reduces loads on the main shaft and mainframe dramatically and, in fact, allows the rotor 
size to be increased somewhat without imposing excessive loads on the existing structural 
components. For this preliminary analysis, we assumed a rotor diameter of 17 . 0 6 m (5 6 ft) 
and a change to NREL airfoils as well .  The rating of this new configuration was increased to 
6 0  kW with a 17 -meter rotor to take advantage of the teetered hub loads reduction, which 
reduces the number of turbines required for a 5 0  MW wind power station to 833. 

Candidate improvement number 4 addresses observed main shaft failures by 
strengthening the main shaft. This includes increasing diameter from 1 17 .34 mm to 1 27 mm 
(4-5/8 to 5 in) , reducing stress risers, and increasing the material strength by increasing 
hardness to Rockwell C-4 0 .  

The change to an integrated gearbox housing, candidate improvement number 5, 
addresses the structural shortcomings of the present mainframe by substituting a massive 
gearbox housing that carries loads directly from the main shaft to the yaw bearing. A larger 
yaw bearing is also employed here. A secondary benefit of the integrated gearbox housing 
is that it saves weight and cost by eliminating the mainframe weldment assembly. 
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Replacing gearbox components, number 6 ,  addresses the problem of internal gearbox 
failures that typically occurred after five years of operation. Replacing the tapered roller 
bearings with spherical roller bearings would greatly increase bearing life at a minimal cost 
increase. 

A large number of observed generator failures, especially in the 6 0  kW machines, were 
attributed to moisture problems and possibly a lack of structural support for the windings. A 
totally enclosed air-over housing in a larger frame size addressed this problem. Combined with 
the integrated gearbox (discussed above), this would eliminate the fiberglass nacelle housing 
resulting in cost and maintenance reductions. 

A second improvement to reduce the incidence of generator failures is to heat the 
generator during idle periods. This could be done either with a small heater inside the unit, 
or more simply by applying low voltage directly to the windings. 

Candidate improvement number 9 involves upgrading the components of the existing 
dynamic brake in order to improve reliability under extreme shutdown cases. A reduction of 
the time delay in actuation would also help. The system could be further improved by a 
careful analysis of its transient voltage characteristics. 

As a fix for tip brake problems, it was suggested that we substitute a proven design 
alternative. The Phoenix twist tips are centrifugally activated outer blade sections that produce 
drag when the rotor overspeeds more than 1 5%. Unfortunately, these units add weight and 
considerable cost to the rotor. 

Another approach to improving tip brake reliability is to change the actuation mode from 
the present centrifugal latch system to an electromagnetically latched tip brake that would 
deploy whenever a shutdown was required. This would not only increase operation reliability 
but also take considerable load off the dynamic brake under high-wind shutdown conditions. 
Rather than run control power to the rotor using slip rings, we propose to employ a more 
reliable brushless coupling using electrical induction. This rotary transformer will be located 
on the low-speed shaft. 

A change to NREL airfoils would allow the use of a slightly larger rotor diameter without 
increasing loads because of the lower maximum lift coefficient of this airfoil. Also, performance 
and energy capture are increased due to the lower dirt and bug sensitivity of the new NREL 
airfoil . 

It is also felt that some improvement in energy capture could be achieved at relatively 
low cost by improving the control system. A more responsive system might eliminate 
motorized startup and make better use of win hovering in the cut-in range. Improved control 
and monitoring functions could reduce O&M and downtime caused by slow response time 
when a failure occurs. 

The cast tower top is a more production-oriented alternative to the present weldment 
devised by Westinghouse. It provides improved structural integrity. In quantities of 1 0 0 0  units 
per year, a casting appears to be very cost effective. 

Finally, it is felt that a redesign of the tower could reduce weight and cost at least 1 0 %. 
The present design is based on an existing telecommunication tower which was not optimized 
for the application. Foundation design could also be improved and optimized for individual 
sites according to soil conditions. 
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TABLE 7.0-2 

Candidate Improvements 

CANDIDATE IMPROVEMENT 

0 .  Enertech 44 Baseline 

1 .  Add Passive Yaw Damper 

2. Reduce Rotor Speed (to 52 RPM) 

3. Change to Two-Bladed Teetered Hub 

4. Change Main Shaft 

5. Change to Integrated Gearbox 
Housing 

6 .  Replace Gearbox Components 

7. Replace Generator (TEAO) 

8. Heat Generator 

9. Upgrade Dynamic Brake Components 

1 0. Replace Tip Brakes with Twist Tips 

44 

ASSUMPTIONS/COMMENTS 

- Model 44/ 6 0 Bill of Materials 
- Rated 5 0  kW @ 1 3  m/s (29 mph) 
- Factory 44/ 6 0 Power Curve 
- 1 , 0 0 0  Turbines Required for 5 0  MW 

- Damping Proportional to Yaw Rate 
- Reduces Gyroscopic Loads 5 0 %  
- Eliminates Structural Failures 

- Reduces Loads 5 0 %  
- Eliminates Structural Failures 
- Reduces Output to 3 0  kW Rating 
- 1 , 6 67 Turbines required for 50 MW Farm 

- Reduces Operating Loads 7 0 % 
- Allows Rotor Diam. to Increase to 17 m (5 6 ft) 
- Use SERI (thin) Airfoil 
- Turbine Rating Increased to 6 0  kW 
- 833 Turbines Required for 5 0  MW Farm 

- Increase Shaft Diameter to 1 27 mm (5 in) 
- Increase Hardness to Rockwell C-4 0  
- Eliminate Keyway Inside Hub 

- Eliminate Main Frame 
- Increase Yaw Bearing Diameter 
- Eliminate Nacelle Housing 
- Reduced Weight and Cost 

- Replace Tapered Roller Bearings with Spherical Rol 
Bearings 

- Replace Open Dripproof Housing with Totally EnclOSE 
Air-Over Housing 

- Increase Frame Size 
- Add Bracing to Winding End Turns 

- Eliminates Moisture Problems 
- Consumes 4,2 0 0 kWh per year 

- Increase Rating of Resistors & Capacitors 
- Reduce Operating Delay 
- Analyze/Improve Operation 

- Replace with Phoenix Design Tips 
- Improved Back-up Reliability 



1 1 . Change Operating Mode of Tip Brakes 

1 2. New Airfoil/Increase Rotor Diameter 

1 3. Modify Control System 

1 4. Change Cast Tower Top 

1 5. Modify Tower/Foundation Design 
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- Increased Weight & Cost 

- Change to Magnetic Latching 
- Deployment at Every Shutdown 
- Electrical Induction Coupling at Hub 

- Change to NREL (Thin) Airfoil 
- Increase Rotor Diameter to 1 4.32 m (47 ft) 
- Decrease Soiled Blade Losses 
- Increase Energy Capture 

- Allow Rotor Freewheeling Below Cut-in 
- Eliminate Motorized Start-up 
- Improve Control/Monitoring Functions 
- Increase Energy Capture 

- Eliminate "Westinghouse Fix" 
- Replace Weldment with Casting 
- Lower Cost in Modest Quantity 

- Reduce Tower Weight 1 OOk with Optimized Geometry 
- Improve Foundation Efficiency, Reduce Cost 



8.0 Impact of Candidate Improvements 

Table 8.0-1 identifies the cost impact of the baseline turbine and the 1 5  candidate 
improvements. For each improvement the turbine, balance of station, total initial capital, annual 
O&M, and levelized recovery costs are identified. 

The lowest total initial capital cost corresponds to the use of the integrated gearbox. 
The most favorable annual O&M cost, which includes the land lease, is associated with 
changing the operating mode of the tip brake. Reducing the rotor speed results in the lowest 
levelized recovery cost. 

All costs are in 1 989 dollars assuming installation at Site #2, Great Plains region. 

Table 8.0-2 identifies the performance impact of the candidate improvements. For each 
of the candidate improvements data is provided for the following: 

• Annual kWh output at Texas site, 1 00% availability 
• Total array/electrical/control system and blade losses 
• Projected availability 
• Net annual kWh output at Texas site 
• Number of turbines to equal 50 MW. 

Assuming 1 00% availability, the best energy production is associated with the two
bladed, teetered-hub design. Several candidate improvements result in a net efficiency of 83%. 
The highest projected availability results from a rotor speed reduction followed closely by a 
change to a two-bladed, teetered-hub design. The greatest net energy output results from the 
two-bladed teetered-hub concept. This design also requires the least number of turbines to 
equal 50 MW. 
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TABLE 8.0-1 

COST IMPACT OF CANDIDATE IMPROVEMENTS 

0.  

1 .  

2. 

I 3 . 

4.  

I 5 .  

6. 

7. 

CANDIDATE IMPROVEMENT 

E44 BASELINE DESIGN 

ADD PASSIVE YAW DAMPER 

REDUCE ROTOR SPEED (TO 52 RPM) 

CHANGE TO TWO-BLADED TEETERED-HUB 

CHANGE MAIN  SHAFT 

I I 
I COST OF I 
! INSTALLED I I TURBINE I & TO\.IER 

I so,464 1 
i 
i 

52,753 i 
I so,742 1 
i 
i 

48,384 i 
i 

I 50,638 1 
CHG. TO INTEGRATED GEARBOX HOUSING I 48,744 i 
REPLACE GEARBOX COMPONENTS I 50,568 1 
REPLACE GENERATOR (W. TEAO) . I  5 1 ,626 

8. HEAT GENERATOR 

9. UPGRADE DYNAMIC BRAKE COMPONENTS 50,693 
i 1 10 . REPLACE TIP BRAKES WITH TWIST TIPS I 54,362 

i 1 1 . 
i 

CHANGE OPERATING MODE OF TIP BRAKEs i 
i 

50,753 

1 12. NEW AIRFOIL/INCREASE ROTOR DIAMETER ! 51 ,646 

i 13. MODIFY CONTROL SYSTEM I 5o,74s 1 
j 

1 14. CHANGE TO CAST TO\.IER TOP I 49,080 

I I I BALANCE 
OF 

STATION 
COST 

TOTAL 
INITIAL 
CAPITAL 
COST 

I ANNUAL I LEVELIZED I I 0 & M 
COST 

!RECOVERY I COSTS 

10,935 1 61 ,399 l 
10,960 i 

i 
63,713 i 

i 
9,363 1 60, 1 05 1 

12,090 i 60,474 i 
i 

10,937 1 61 , 575 1 
10,919 1 59,663 1 
10,936 1 61 , 504 1 
10,946 62,572 

10,937 61 ,630 
i i 

10,972 1 65,334 1 
10,938 i 

i 
61 ,691 i 

i 
10,946 1 62,592 1 
10,938 1 61 ,683 1 
10 ,922 1 60, 002 1 

2,o16 1 728 1 
2, 091 i 297 i 

i 

2,016 256 1 
2,242 297 i 
2,016 516 1 
2,016 493 1 
2,016 568 1 
2,016 628 

1 ,971 1 728 
i i 

1 ,933 1 728 

1 ,893 i 
i 

728 i 
2,067 J 728 

2,016 i 628 

1 ,933 1 728 

l 15 . MODIFY TO\.IER/FOUNDATION DESIGN 1 49,087 1 10,687 1 59,774 1 2,o16 1 728 1 

* Costs are per machine in 1989 dol lars 

4 7  



TABLE 8.0-2 

PERFORMANCE IMPACT OF CAND IDATE IMPROVEMENTS 

ANNUAL ARRAY/ I 
KWH OUTPUT ELECTRI CAL/ I 
iil TX . S I TE CTRL. SYST ./ I PROJECTED 

CANDIDATE I MPROVEMENT 1 00% AVA I L .  BLADE LOSSES AVA I LAB I L I TY 

0 .  E44 BASEL I NE DES I GN 1 86 , 292 0.83 53 . 0% 

1 .  ADD PASSIVE YAW DAMPER 1 86 , 292 0.83 82. 0% 

2 .  REDUCE ROTOR SPEED ( TO 5 2  RPM) 1 20 , 080 0 . 83 83 .0% 

3 .  CHANGE TO 2 BLADED TEETERED HUB 258,015  0 . 88  82.5% 

4 .  CHANGE MAI N  SHAFT 1 86 , 292 0.83 68 . 0% 

5 .  CHG . TO I NTEGRATED GEARBOX HOUSING 1 86 , 292 0.83 64 . 0% 

6. REPLACE GEARBOX COMPONENTS 1 86 , 292 0.83 59. 0% 

7. REPLACE GENERATOR (W. TEAO) 1 86 , 292 0 . 83 58.5% 

8 .  HEAT GENERATOR 182, 092 0 . 83 53.5% 

9. UPGRADE DYNAMI C  BRAKE COMPONENTS 1 86 , 292 0 . 83 55 .0% 

1 0 .  REPLACE T I P  BRAKES W I T H  TWIST T I PS 1 86 , 292 0 . 83 54 . 5% 

1 1 .  CHANGE OPERAT ING MODE OF T I P  BRAKES 1 86 , 292 0.83 56. 0% 

1 2 .  NEW AI RFOIL/I NCREASE ROTOR D I AMETER 212,373 0 .88 53 . 5% 

1 3 .  MOD I FY CONTROL SYSTEM 1 86 , 292 0.84 53.5% 

14.  CHANGE TO CAST TOWER TOP 186, 292 0 . 83 53 .5% 

1 5 .  MODI FY TOWER/FOUNDAT ION DESIGN 1 86 , 292 0 . 83 53.5% 
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NET ANNUAL 
KWH OUTPUT 
iil TX. S I TE 

81 , 950 

1 26,790 

82, 723 

187, 319 

105, 143 

98,958 

91 , 227 

90, 454 

80, 858 

85 , 042 

84 , 269 

86, 589 

99,985 

83 , 720 

82, 723 

82, 723 

NO. OF 
TURBI NES 
TO EQUAL 

50 MW 

1 , 000 

833 

1 , 000 

1 , 000 

1 , 000 

1 , 000 

1 , 000 

' l  
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' ' " 
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9.0 Technical Risk and Problem Identification 

For each of the candidate improvements the technical risk and associated problem 
areas are identified in Table 9. 0 - 1 .  In addition, the overall technical risk is identified as either 
low, medium or high. As expected, the configuration change to a two-bladed teetered hub 
involves the most risk. Change to existing components and straightforward modifications such 
as heating the generator exhibit the lowest risk. 

TABLE 9.0 - 1 
TECHNICAL RISK & PROBLEM IDENTIFICATION 

CANDIDATE IMPROVEMENTS RISK COMMENTS 

0 .  

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

Enertech 44 Baseline 
Design 

Add Passive Yaw Damper 

Reduce Rotor Speed 
(to 52 RPM) 

Change to Two-Bladed 
Teetered Hub 

Change Main Shaft 

Change to Integrated 
Gearbox Housing 

Replace Gearbox 
Components 

Replace Generator (TEAO) 

Heat Generator 

Med. 

Med. 

High 

Low 

Med. 

Low 

Low 

Low 

49 

Performance and availability well documented in 
several U.S. wind regimes 

Load prediction accuracy unknown, may require 
prototype testing. Cost associated with 
development and testi11.g of new component. 
Introduces new failure modes. Tower torsional 
capacity important. 

- o  

Load prediction accuracy unknown, may require 
testing. 

Major change in architecture. Free Yaw load 
predictions not well defined. Introduces new failure 
modes - teeter bearing, teeter stops, etc. Possible 
instability during start-up. New dynamics analysis 
required. Possibility of increased noise due to 
higher tip speed. Major development program 
required. 

Increased likelihood of stress corrosion, brittle 
fracture. 

Fatigue strength of cast gearbox housing not well 
documented. Brittle fracture at low temperatures a 
concern. Direct exposure of major components will 
require weather proofing. Untested Design. 

Present failures not completely understood. 

New design, less common motor/generator 
application. 

Some uncertainty in cost/benefit ratio of this 
improvement. 



9. 

1 0. 

1 1 .  

1 2. 

1 3. 

1 4. 

1 5. 

Upgrade Dynamic Brake 
Components 

Replace Tip brakes with 
Twist Tips 

Change Operating Mode of Tip 
Brakes 

New Airfoil/Increase Rotor 
Diameter 

Modify Control System 

Change to Cast Tower Top 

Modify Tower/Foundation 
Design 

Low 

Med. 

Low 

Med. 

Med. 

Low 

Low 

5 0  

c 1 
1 ii 

Transient behavior of dynamic brake not fully 
understood (Test data needed). 

LJ 
Increased structural requirements in blade. 
Increased blade wei�ht & associated dy�amicf� 
problems. Tip flutter 1mpact must be cons1dere<\ :: 
Impact on acoustic emissions. '---' 

Possible loss of electrical communication with tip!: . 
High number of cycles on tip brakes. ,, j 

� 
Uncertainty in load predictions. Uncertainty i! 
energy predications. New dynamics analys��; 

required. 

Uncertainty of low-wind start-up. Additional FaiiUJ\.. J 
modes associated with additional complexity. 
Additional operating time on components due (: 1 
free wheeling. • : 

Fatigue strength of casting difficult to calculatt 1 
Possible loss of rigidity for yaw bearing suppord 

Torsional or bending capacity of lightweight towtG 
may be inadequate. Uncertainty of dynamit_l 
analysis of new design. 

. � 
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1 0.0 Economic Analysis 

To evaluate the cost of electricity associated with each of the 1 5  design improvements 
the spreadsheet-based economic model processed input data on a case-by-case basis . 
Included in the input data are the turbine and balance of station capital costs, annual" O&M 
cost, and levelized recovery cost of retrofits required over the turbine lifetime. In addition, 
annual energy output at the selected site assuming 1 00% availability, total system losses, and 
projected availability are input to the model. 

For each of the candidate improvements the economic model calculates net energy 
output, the number of turbines required to equal 50 MW, the cost of energy in cents per 
kilowatt hour, and the improvement in the cost of energy from the baseline turbine. 

At this stage of the Advanced Turbine Design Study Contract the economic model was 
used to sort through the design options, not to study and squeeze the last cent out of the cost 
of energy. These refinements were left for Tasks 2 and 3 where more design detail , and more 
accurate costs were developed. 

1 0.1 Task 1 - Design Trade-off Matrix 

Table 1 0.1 -1 identifies the cost of energy associated with each of the fifteen candidate 
design improvements and the net improvement from the baseline design. The cost of energy 
ranges from a low of 4.65 cents per kWh for the two-bladed teetered hub option to a high of 
1 1 . 1 0  cents per kWh for the simple design option of heating the generator. Based upon the 
data, the existing baseline E44 (Windustries) turbine would produce energy at Site #2 for 1 0.99 
cents per kWh. A rank ordering of the design improvements is identified with option number 
1 being the most economical and option 1 5  being the most expensive in terms of cost of 
energy. 

1 0.2 Secondary Figures of Merit 

As part of the economic model, secondary figures of merit for each of the candidate 
improvements are identified in Table 1 0.2-1 . The secondary figures of merit include kWh per 
rotor- swept area, system cost per rotor-swept area, cost per kilogram and weight per annual 
kWh produced. 

The addition of a passive yaw damper has the most benefit on energy per rotor-swept 
area. This is due to a very significant increase in availability from the baseline. The next best 
performer in this category is the two-bladed teetered-hub, which not only improves availability 
but increases rotor- swept area. 

The minimum cost per rotor-swept area is achieved by the two-bladed teetered hub 
alternative. This results from a lower capital cost of two blades, not three, and an increase in 
swept area due to a slight increase in blade length. 

All of the cost-per-pound figures of merit lie in the $4.1 5 to $4.68 per kilogram range. 
Here again the two-bladed teetered hub appears to be advantageous. The two-bladed teetered 
hub concept also provides the lowest weight per annual energy output. The simple addition 
of a passive yaw damper achieves the next best performance on the basis of weight per 
annual energy produced. 

5 1  



TABLE 1 0 . 1 - 1  

TASK 1 - DESI GN TRADE-OFF STUDY 

ECONOMI C  I MPACT OF IMPROVEMENTS 

COST OF 
ENERGY 

CAND IDATE IMPROVEMENT CENTS/KWH 

0 .  E44 BASELINE DES I GN 1 0 . 99  

1 .  ADD PASSIVE YAW DAMPER 7.01 

2. REDUCE ROTOR SPEED (TO 52 RPM) I 1 0 . 16 

3 .  CHANGE TO 2 BLADED TEETERED HUB I 4 . 65 

4 .  CHANGE MAIN SHAFT 8.38 

5 .  CHG . T O  I NTEGRATED GEARBOX HOUSING 

6. REPLACE GEARBOX COMPONENTS 9 . 71 

7.  REPLACE GENERATOR ( W .  TEAO) 9.98 

8 .  HEAT GENERATOR 1 1 . 10 

9. UPGRADE DYNAMIC BRAKE COMPONENTS 

1 0 .  REPLACE T I P  BRAKES W I T H  TWI ST T I PS 1 1 . 07 

1 1 .  CHANGE OPERAT I NG MODE OF T I P  BRAKES 

1 2 .  NEW A I RFOI L/I NCREASE ROTOR D IAMETER 9 . 18 

1 3 .  MOD I FY CONTROL SYSTEM 1 0 .67 

1 4 .  CHANGE T O  CAST TOWER TOP 1 0 .62 

1 5 .  MOD I FY TOWER/FOUNDAT ION DESI GN 

5 2  

I IMPROVEMENT I 
FROM I 

BASEL I NE I 
CENTS/KWH 

3 . 98 2 

0 . 83 I 8 

6.34 I 
2 . 61 3 

1 . 28 6 

1 . 01 7 

( 0 . 1 1 )  1 5  

( 0 . 08) 1 4  

1 .81 5 

0 .32 1 2  

0 . 38 1 1  
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I CAND I DATE IMPROVEMENT 

0 .  E44 BASELINE DES I GN 

TABLE 1 0 . 2· 1 

IMPACT OF CAND IDATE IMPROVEMENTS 
ON SECONDARY F I GURES OF MERI T  

II ROTOR I TURBI NE I 1 .  I 2 .  I 3 .  
SWEPT I & TOWER I I I AREA WEIGHT KWH/ROTOR SYSTEM COST/ COST/ 
SQ . M. I KGS . I AREA I ROTOR AREA I WE I GHT 

! I 141 I 4 , 604 580 434 .65 6 . 05 

4 .  

WEI GHT/ 
I KWH J 

0 . 1 239 I 
I 1 .  ADD PASSIVE YAW DAMPER 141 1 4 ,677 1 898 1 451 . 03 1 6 . 1 8  1 o . o813 1 
i 

2 .  REDUCE ROTOR SPEED TO 52 RPM 141 4 , 581 586 425 .49 5 .95 I 0 . 1 221 

I 3 .  CHANGE TO 2 BLADED TEETERED HUB I 229 I 4 , 604 819 I 264 . 29 I 5 . 96 I 0 . 0542 

4 .  CHANGE MAI N  SHAFT 141 4 , 620 744 435 . 89 6 . 05 I 0 .0969 

I 5 .  CHG . TO I NTEGRATED GEARBOX HOUSING I 141 I 4 , 377 701 422.36 I 6 . 1 8  I 0 . 0975 

6 .  REPLACE GEARBOX COMPONENTS 141 4 ,604 646 435 .39 6 . 06 I 0 . 1 1 13 

I 7. REPLACE GENERATOR (TEAO) I 141 4,661 I 640 I 442 . 95 I 6 . 09 I 0 . 1 136 
i 

8. HEAT GENERATOR 141 4 , 606 572 435 .89 6 . 06 l 0 . 1 256 

9. UPGRADE DYNAMI C  BRAKE COMPONENTS 141 I 4 , 609 602 I 436. 28 I 6 . 07 I 0 . 1 195 
J l 

1 0 .  REPLACE T I P  BRAKES WITH TWIST T I PS 141 4 , 665 597 462 . 50 6 .35 I 0 . 1 220 

1 1 .  CHANGE OPERAT I NG MODE OF T I P  BRAKES I 141 4 , 604 I 613 I 436. 71 6 . 08 I 0 . 1 1 72 

1 2 .  NEW A IRFOIL/INCREASE ROTOR D I AMETER 161 4,616 620 388. 33 6 . 1 5  I 0 . 1 0 1 8  

1 3 .  MOD I FY CONTROL SYSTEM I 141 I 4 ,604 I 593 I 436. 66  I 6 . 08 I 0 . 1 2 1 2  

1 4 .  CHANGE TO CAST TOWER TOP 141 4 , 604 586 424 . 76 5 .91 I 0 . 1 227 

1 1 5 .  MOD I FY TOWER/FOUNDATI ON DES I GN 141 I 3 ,999 I 586 I 423 . 14 6 . 78 I 0 . 1 066 

1 0.3 Improvement Combinations 

As an extension of individual design improvements, we logically combined design 
options into three distinct design packages as follows: 

A. Retrofit design package that includes: 

• 

• 

• 

• 

Passive yaw damper #1 
Modified main shaft #4 
Upgraded gearbox components #6 
Upgraded dynamic brake components #9 . 

This concept (Design "A") is illustrated in Figure 1 0.3-1 . 

B. Three-bladed production design that includes: 

• Passive yaw damper #1 
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• 

• 

• 

• 

• 

• 

• 

• 

Integrated gearbox with upgraded gearing #5 
Totally enclosed generator #7 
Upgraded dynamic brake components #9 
Change in the operating mode of the tip brakes #1 1 
Incorporation of a new airfoil #1 2 
Control system modifications #1 3 
Cast tower top #1 4 
Modified tower and foundation design #1 5 . 

This concept (Design "B") is illustrated in Figure 1 0.3-2. 

c. Two-bladed production design that includes: 

• 

• 

• 

• 

• 

• 

• 

• 

Two-bladed teetered hub #3 
Integrated gearbox with upgraded gearing #5&6 
Totally enclosed generator #7 
Upgraded dynamic brake components #9 
Change the operating mode of the tip brake #1 1 
Control system modification #1 3 
Cast tower top #1 4 
Modified tower and foundation design #1 5 . 

This concept (Design "C") is illustrated in Figure 1 0.3-3. 

Table 1 0.3-1 identifies the cost impact of these design combinations. The two-bladed 
production design achieves the lowest total initial capital cost. The three-bladed production 
design exhibits the least annual O&M cost and both "new production" turbines minimize the 
levelized recovery cost. This assumes that for new turbine designs the loads are well 
characterized such that very little retrofitting would be required during the 30-year design life. 

The performance impacts of the improvement combinations are illustrated in Table 1 0.3-
2. Both the two- and three-bladed production concepts significantly increase the annual energy 
production at 1 00% availability and minimize system losses. The two-bladed production 
concept maximizes availability followed closely by the three-bladed production concept. It is 
important to note that the retrofit package has the ability to significantly increase the availability 
of existing turbines. Our two-bladed production concept maximizes the net annual energy 
output of the turbines. 

The economic impact of these combined improvements is provided in Table 1 0.3-3. 
The two-bladed teetered-hub concept provides the lowest cost of energy at 3.66 cents per 
kWh. The three-bladed production turbine ranks second at 4.70 cents per kWh. The retrofit 
package improves the existing turbine design by 4.78 cents per kWh resulting in a net cost of 
energy of 6.21 cents per kWh. 

54 

' �-I 

c )  

, · . ' 

J 

' d 



� 
], l 

New M a i n  Shaft � � 
New G e a r box \ 
Components 

· 

-�___:,j 

P as s i ve Yaw 
Damper 

..>C"=-� 

!New Dynam i c 
Bra k e  Components 

F i gure 1 0 . 3 - 1  
C omb i n e d  I mprovements - Des i gn A ,  R e t ro f i t  Package 
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New Ma i n  Shaft 

P a s s i ve 
Damper 

-- SER I A i rfo i l 

- - E l e c tromagnet i ca 1 1  y 
L at ch ed T i p  Bra k e s  

Mod i fi ed Tower & -- · 
Foundat i on Des i g n 

. r New Dynami c  .J>C�--+-./ Bra k e  C omponents 

F i gure 1 0 . 3 - 2  
Comb i n e d  I nprovemen t s  - D e s i gn B ,  Thr e e -B l ad e d  
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[ I ntegrated Gearbox 
1 wi th New Compone nts 

1 j 

J 
) 

I 
i 
'/ 

Total l y  
Encl osed 
Generator 

--Teetered H u b  

-- SE R I  A i rfo i l 

- - E l ectromagnet i c a  1 1  y 
L atched T i p B r a k e s  

Mod i fi ed Tower & -

Foundat i on D e s i g n  

. r Upgrade d  Dynam i c  
Brake Components 

F i gu r e  1 0 . 3 - 3  
Comb i n e d  Improveme n t s  - D e s i gn C ,  Two-B l a d e d  
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0 .  

A.  

B.  

c . 

TABLE 1 0 .3-1  

COST I MPACT OF I MPROVEMENT COMBI NAT I ONS 

0. 

A. 

B .  

c .  

CAND IDATE IMPROVEMENT 

E44 BASEL I NE DESIGN 

"RETROFIT PACKAGE" 
I nc l udes : 1 ,4 , 6 , 9  

113 BLADED PRODUCT I ON DES I GN" 
I nc l s :  1 , 4, 5 ,6,7,9, 1 1 , 1 2 , 1 3 , 1 4 , 1 5  

112 BLADED PRODUCT ION DES I GN" 
I nc l s :  3 , 5 ,6,7,9, 1 1 , 13 , 14 , 1 5  

TABLE 1 0 . 3 . 2  

61 , 399 

64 , 225 

62,409 

57, 593 

I I I I 
ANNUAL I LEVELl ZED I 0 & M RECOVERY 

COST I COSTS I 

2,016 728 

2 , 046 136 

1 , 891 36 

1 , 991 36 

PERFORMANCE I MPACT OF IMPROVEMENT COMB I NAT IONS 

CANDIDATE IMPROVEMENT 

E44 BASE L I NE DESIGN 

"RETROFIT PACKAGE" 
I nc l udes : 1 ,4 ,6 , 9  

113 BLADED PRODUCT I ON DESI GN" 
I nc l s :  1 ,4 , 5 ,6,7,9, 1 1 , 1 2 , 13, 1 4 , 1 5  

112 BLADED PRODUCTION DESIGN" 
I nc l s :  3 , 5 , 6 , 7,9, 1 1 , 13 , 1 4 , 1 5  

ANNUAL I KWH OUTPUT 
I iii TX. SITE I 

1 00% AVAI L - I 

186, 292 

186, 292 

212,373 

258,015  

ARRAY/ I I ELECTRI CAL/ NET ANNUAL 
CTR L .  SYST . / 1  PROJECTED I KWH OUTPUT 
BLADE LOSSES ! AVA I LAB I L I TY !  iii TX. SITE 

0 . 83 53 . 0% 81 , 950 

0 . 83 91 . 0% 140,706 

0 . 88  94.5% 1 76,609 

0 . 88  95 . 0% 21 5 , 701 

The secondary figures of merit for the combined improvements are provided in Table 
1 0.3-4. For each combined improvement, the four secondary figures of merit are identified. 
The three-bladed production unit produces the highest energy output per rotor area. The 
lowest system cost per rotor area results from the two-bladed production concept. In addition, 
the two-bladed design exhibits the lowest cost weight per kilowatt-hour. The existing turbine 
provides the lowest cost per pound. 
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0 .  

A .  

B .  

c .  

TABLE 1 0 .3·3 

ECONOMI C  IMPACT OF COMBI NED IMPROVEMENTS 

I I I MPROVEMENT I COST OF FROM 
ENERGY BASE L I NE 

CAND I DATE I MPROVEMENT CENTS/KWH CENTS/KWH I 

0 .  

A .  

B .  

c .  

E44 BASE L I NE DESIGN 

"RETROF I T  PACKAGE" 
I ncludes : 1 ,4,6,9 

113 BLADED PRODUCT ION DESI GN" 
I ncls:  1 ,4 , 5 ,6,7,9, 1 1 , 12 , 13 , 14, 1 5  

112 BLADED PRODUCTION DES I GN" 
I ncls:  3 , 5 , 6 , 7,9, 1 1 , 13 , 14, 1 5  

TABLE 1 0.3·4 

I 1 0 . 99  

6.21 

I 4 . 70 

3 . 66  

IMPACT O F  COMBI NED I MPROVEMENTS 

CAND IDATE I MPROVEMENT 

E44 BASELINE DES I GN 

"RETROF I T  PACKAGE" 
I nc l udes: 1 ,4 , 6 , 9  

113 BLADED PRODUCT ION DESI GN" 
I nc l s :  1 ,4 , 5 , 6, 7, 9 , 1 1 , 12 , 13, 14, 1 5  

112 BLADED PRODUCT ION DES I GN" 
I nc l s :  3 , 5 , 6 , 7,9, 1 1 , 13, 14 , 1 5  

(SECONDARY F I GURES O F  MERI T )  

I I ROTOR I TURBINE 1 .  
SWEPT & TOWER 
AREA I WEIGHT I KWH/ROT 

SQ. M .  KGS . I AREA 

141 4,604 580 

4,697 996 

161 3 , 945 1 , 096 

229 3,834 943 

I - I I 
I 4 . 78  

i 

I 6 . 29 I I 
! ! 7.33 

2 .  

SYSTEM COST 
ROTOR AREA 

434 .65 

454.65 

387 . 20 

251 .69 

3 .  4 .  

WEI GHT/ 
KWH 

6 . 05 0 . 1 239 

0 . 0736 

7 . 1 9  0 . 0491 

6 . 81 0 .0392 

The cost sensitivity associated with the baseline turbine and the three combination 
concepts, as a function of site selection, is presented in Table 1 0.3-5. The most significant 
impact is the variation in annual O&M costs due to variations in land costs at each of the sites. 
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0 .  

A .  

B .  

c .  

0 .  

A .  

B .  

c .  

0 .  

A .  

B .  

c .  

Table 1 0 . 3- 5  

Cost Sensi tivi ty ( 1 989 Dol l ars) o f  Improvement Combinati ons 

CAND IDATE IMPROVEMENT 

TOTAL 
I N I T IAL 
CAPI TAL 

COST 

SITE #1 - CA PASSES 

E44 BASELINE DESIGN 

11RETROF IT PACKAGE" 
I nc l udes #1 ,#4,#6,#9 

113-BLADED PRODUCT I ON DESIGN" 
! ne l s :  1 ,4 , 5 ,6,7,9, 1 1 ,  1 2 , 13, 1 4 , 1 5  

"2-BLADED PRODUCT ION DESIGN" 
! ne ls:  3 , 5 , 6 , 7,9, 1 1 , 13 , 1 4 , 1 5  

65 , 168 

63,352 

58, 536 

S I TE #2 - GREAT PLAINS 

E44 BASEL I NE DES I GN 

"RETROF I T  PACKAGE" 
I nc l udes #1 ,#4,#6,#9 

113-BLADED PRODUCTI ON DESIGN" 
! ne l s :  1 ,4 ,5 ,6,7,9, 1 1 , 1 2 , 13 , 1 4 , 1 5  

112-BLADED PRODUCTI ON DESIGN" 
! ne l s :  3 , 5 , 6 , 7,9, 1 1 , 13 , 1 4 , 1 5  

61 ,399 

64 , 225 

62 ,409 

57, 593 

SITE #3 - MTN . RIDGEL I NES 

E44 BASEL I NE DESIGN 

"RETROF IT PACKAGE" 
I ncludes #1 ,#4,#6,#9 

113- BLADED PRODUCT ION DESIGN" 
! ne l s :  1 ,4 , 5 ,6, 7,9, 1 1 , 1 2 , 13, 14, 1 5  

112-BLADED PRODUCT ION DESIGN" 
! ne l s :  3,5,6,7,9, 1 1 , 13 , 1 4 , 15 

6 0  

62, 767 

65, 593 

63, m  

58, 961 

ANNUAL 
0 & M 
COST 

2 , 297 

2 , 1 1 1  

2 , 231 

2,016 

2 , 046 

1 ,891 

1 ,991 

2 , 261 

2 , 297 

2 , 1 1 1  

2 , 231 

LEVEL l ZED 
RECOVERY 

COSTS 

136 

36 

36 

728 

1 36 

36 

36 

728 

136 

36 

36 
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The sensitivity to the cost of energy for each of the three sites is shown in Table 1 0.3-
7. Site #2 exhibits the lowest COE for all of the candidate designs. Looking at the COE for 
each site, the rank ordering of the COE does not vary between sites, only the actual cost. 

Table 1 0.3-7 Cost of Energy Sensitivity of Improvement Combinations 

I o. I A .  I I B .  
I I c . I 

I o. 

I A. I I B .  
I I c . I 

0 .  

I A .  I I B . I I c . I 

CAND IDATE I MPROVEMENT 
I COST OF I FROM 

ENERGY BASELINE 
I CENTS/KWH I CENTS/KWH 

S I TE #1 - CA PASSES 

E44 BASE L I NE DES I GN 

"RETROFIT PACKAGE" 
I nc l udes #1 , #4 , #6,#9 

"3-BLADED PRODUCT I ON DESI GN" 
I nc l s :  1 ,4 , 5 , 6, 7,9 , 1 1 , 1 2 , 13 , 1 4 , 1 5 

112-BLADED PRODUCT ION DES I GN" 
I nc l s :  3 , 5 , 6 , 7, 9, 1 1 , 13 , 1 4 , 1 5  

S I TE #2 - GREAT PLAINS 

E44 BASE L I NE DESI GN 

"RETROF I T  PACKAGE" 
I nc l udes #1 , #4,#6,#9 

113-BLADED PRODUCT ION DESI GN" 
I nc l s :  1 ,4 , 5 , 6 , 7,9, 1 1 , 1 2 , 1 3 , 1 4 , 1 5  

112-BLADED PRODUCT I ON DES I GN" 
I nc l s :  3 , 5 , 6 , 7,9, 1 1 , 13 , 1 4 , 1 5  

1 6 . 29 

9 . 22 

6.96 

4 . 78 

1 0 . 99  

6.21 

4 . 70 

3 . 66 

SITE #3 - MTN . R I DGEL I NES 

E44 BASE L I NE DESI GN 

"RETROF I T  PACKAGE" 
I nc l udes #1 , #4,#6,#9 

113-BLADED PRODUCT I ON DESI GN" 
I nc l s :  1 ,4 , 5 , 6 , 7,9, 1 1 , 1 2 , 1 3 , 1 4 , 1 5  

112-BLADED PRODUCT I ON DES I GN" 
I nc l s :  3 , 5 ,6,7,9, 1 1 , 13 , 1 4 , 1 5  

1 3 . 74 

7.78 

5 . 88  

4 . 04 

7.07 

9.33 

1 1 . 5 1  

4 . 78 

6 . 29 

7.33 

5 . 97 

7.87 

9. 71 

Based upon the wind resource data for Site #2, tower height has a significant impact 
on the COE calculation. To emphasize this fact Table 1 0.3-8 was generated for the baseline 
turbine without modifications. As illustrated, increased tower height improves annual energy 
production and lowers the overall cost of energy. However, there are practical limits to the 
height of a tower. As our design concepts evolve we will continue to evaluate the impact of 
tower height and select the height best suited to our design goals. 
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O'l 
w 

0 .  

CAND IDATE IMPROVEMENT 

E44 BASELINE DESIGN, 80 FT TOWER 

40 FT TOWER 

60 FT TOWER 

1 00 FT TOWER 

120 FT TOWER 

140 FT TOWER 

160 FT TOWER 

-"-� ,�-:=-...... 

Table 10.3-8 Sensitivity Analysis - Cost of Energy for Various Tower Heights 

COST PER MACH I NE IN 1 989 DOLLARS PERFORMANCE 

TOTAL ARRAY , 
I N I T IAL ANNUAL LEVEL l ZED ANNUAL ELECTR ICAL, 
CAPI TAL 0 & M RECOVERY KWH OUTPUT CTR L .  SYST . ,  PROJECTED NET ANNUAL 

COST COST COSTS 1 00% AVAI L .  BLADE LOSSES AVA I LAB I L I TY KWH OUTPUT 

61 , 399 2 , 0 1 6  728 186, 292 0 . 83 0 . 53 81 ,950 

57, 879 2 , 0 1 6  728 147, 229 0 . 83 0 . 53 64, 925 

59, 639 2 , 0 1 6  728 1691 142 0 . 83 0 . 53 74, 589 

63, 1 59 2 , 016 728 200, 050 0 . 83 0 . 53 87, 700 

64, 91 9  2 , 0 1 6  728 21 1 ,983 0 . 83 0 . 53 92, 732 

66, 679 2 , 01 6  728 221 ,916 0 . 82 0 . 53 96, 909 

68,439 2 , 0 1 6  728 230,664 0 . 82 0 . 53 100,248 

,---- �. _,..,.· _� --- ·...::......_ , __ _ . / ---. 

IMPROVEMENT 
COST OF FROM 
ENERGY BASELINE 

CENTS/KWH CENTS/KWH 

1 0 . 99 -

13 .32 - 2 . 33 

1 1 .83 - 0 . 84 

1 0 . 47 0 . 52 i 
1 0 . 1 0  0 . 89 

9.85 1 . 14 

9 . 70 1 . 29 

--------



1 1 .0 Improvement Selection 

Based upon the economic analysis and the risk involved, AOC recommended that the 
design options to be carried forward into Task 2 include both a retrofit package and a trade
off of two- versus three-bladed new production machines. 

Our retrofit concepts have the potential of reducing the COE from 1 0.99 to 6.21 cents 
per kWh. Hundreds of existing Enertech 44s could benefit from such a retrofit package and 
the cost could be financed directly from improved energy production. 

Both our two- and three-bladed production concepts show significant promise of 
reducing the COE to levels competitive with central station generation. However, a number of 
uncertainties were addressed in the evaluation process. In our opinion, both concepts merit 
further refinement in the early stages of Task 2 with a selection to be made based upon cost 
and risk factors associated with more definitive designs. In addition, feedback from the 
marketplace, loads evaluation and timing of product introduction significantly impacted the 
decision making process. 

In summary, the E44 series of turbines can be significantly enhanced based upon 
design changes associated with extensive operating experience. As in any evolution of a 
product, there are risks. However, we believe the risks can be minimized and contained and 
that a world-class, economical 50 kW turbine design concept will emerge from our Task 2 
efforts. 
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IMPROVED TURBINE CONCEPTUAL STUDY 
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1 .0 Introduction and Summary 

Within Task 2 of Advanced Wind Turbine Design Studies (Contract ZG-0-1 9091 -1 ) ,  the 
Atlantic Orient Corporation (AOC) evaluated specific improvements to the E44 series of wind 
turbines. These improvements included potential retrofits of yaw-damping devices and control 
strategies to existing E44 wind turbines as well as conceptual designs of two improved AOC 
wind turbines in the 50 kW class. 

We have developed conceptual designs for both two-bladed (AOC 1 7/60) and three
bladed (AOC 1 5/50) configurations with an engineering approach that allows the remainder of 
the turbine components to be identical thereby providing a common platform. These two- and 
three-bladed designs were evaluated on the basis of loads, annual energy production, capital 
cost, cost of energy, risk, investment capital, development time, and market acceptance. Both 
configurations would provide significant improvements compared to the existing E44 turbines 
in the area of loads reduction, energy production, and cost of energy. 

Our preference lies with the three-bladed configuration, which provides for a rapid, low 
risk product entry. The three-bladed configuration is a true 50 kW turbine that clearly qualifies 
for net billing, which is essential in the markets of the mid-west. 

This section of the report documents our design/evaluation process. The trade-off 
studies related to the rotor configurations are documented as is the approach to system 
control. The conclusions of these trade studies are discussed from a technical, economic and 
market viewpoint. 

We developed preliminary designs for each of the major system components. Outline 
drawings and key parameters are included in this report. We then integrated the components 
to develop a system design for the three-bladed configuration that we refer to as the AOC 
1 5/50 wind turbine. The system design includes a single-line diagram, drive train assembly, 
overall turbine drawing, and the essential performance characteristics. 

Our design criteria are defined followed by a description of the design loads 
development. This includes a discussion of the analytical tools, the characteristics of the 
selected airfoil, selection of pitch, and a discussion of the design yawing rates. Both rigid 
(three-bladed) and teetered (two-bladed) load cases are described as well as transient loads 
and turbulence effects. Finally, the tower and foundation loadings and our conclusions 
regarding loads are discussed. 

Our design philosophy is very straightforward; simplicity in design yields a cost-effective, 
reliable turbine. We have learned from the experience of the E44 turbines and incorporated 
design modifications that significantly improve performance. 

Based upon the Site #2 wind resource and the NREL economic criteria, the AOC 1 5/50 
wind turbine will produce 233,000 kWh/year at a cost of 4.52 cents per kWh. This is a 
significant improvement over the existing E44 design which, for the same criteria, produces 
1 86,000 kWh/year at a cost of 1 0.99 cents per kWh. The AOC 1 5/50 wind turbine provides a 
new standard of performance in the 50 kW class. 
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2.0 System Configuration Trade-Off Study 

Task 2 included trade-off studies that addressed blade number and control system logic. 
These trade-offs are discussed in the following sections. 

2.1 Blade Number 

At the conclusion of Task 1 , based on economic analysis and the risk involved, we 
recommended that three design options be carried forward into Task 2 as near-term products. 
These were: (1 ) a retrofit option for the Enertech 44, (2) a three-bladed, rigid-hub improved 
design turbine rated at 50 kW, and (3) a two-bladed teetered-hub design rated at 60 kW. 

With the limited amount of time available in Task 2, we concentrated our efforts on the 
latter two options by conducting an in-depth study of the three versus two-bladed designs. 

We began by developing more detailed designs of these two options. Based on 
economic considerations, and our perception of the primary market for the 50 kW turbine, we 
decided to increase the rotor diameter slightly to increase energy capture at lower wind 
speeds. Whereas the Task 1 design considered a 1 4.32-meter (47-foot) diameter, we chose 
a 1 5-meter (49.2-foot) diameter rotor. We found that this small increase yielded nearly a 1 0% 
increase in energy while adding less than 1 %  to the initial turbine cost. This should allow for _ 

greater market penetration in areas with lower wind speeds. 

In the case of the two-bladed design, we essentially retained the proposed 1 7.6-meter 
(56-foot) diameter rotor, although we renamed it in metric units calling it an even 1 7  meters 
(55.8 feet). The logic of choosing a larger rotor diameter for the two-bladed design was that 
it allowed the use of the same drive train for both designs. The diameter of the two-bladed 
design was chosen such that comparable mechanical and structural components (including the ····· 
tower) could be used for both designs. This allowed a more accurate economic comparison 
of the two designs and, because the majority of components are common to both designs, 
greatly simplified the task of evaluating two different designs in a short time. It also provides 
AOC with the option of reconfiguring the rotor if it becomes attractive in the future due to load, 
economic, or market factors. 

The trade-off analysis concentrated on rotor design. Two alternative blade designs were 
developed for each concept for a total of four blade designs. A modified version of PROP 
Code was used to evaluate the energy capture performance of each blade design. AOC 
modified PROP to simplify input of blade characteristics for rapidly sorting through blade 
geometry. PROP was further modified to read lift and drag coefficients from separate files. 
Pitch setting and rotor speed were determined by maximizing energy output at a 6. 7 m/s or 
1 5  mph (hub-height) average wind speed while, at the same time, limiting maximum output at 
the generator to 66 kW. The 66 kW generator limit was driven by our desire to keep the 
generator within a given frame size. On paper, at least, the NREL thick airfoil series (developed 
expressly for stall-limited wind turbine rotor blades) appears to provide good energy capture 
at low wind speeds while limiting output at wind speeds above 1 5  m/s (35 mph) to acceptable 
levels. 

The results of this rotor design trade-off are illustrated in Table 2.1 -1 . For each concept 
two designs are considered, one labeled "A" and the other "8". The "A" design employs a 
slightly smaller cord giving the rotor a lower overall solidity and thus a higher operating speed 
for optimum performance. The "8" designs employ larger blades turning somewhat slower, and 
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although they appear to produce slightly more energy (on the order of 1 %  at most sites) , the 
cost, weight, and increased loading on the tower caused by the larger blades makes this 
design less attractive. For this reason, the "A" designs were selected for both the AOC 1 5/50 
(three-bladed) and AOC 1 7/60 (two-bladed) design options. 

Obviously, the argument for a lighter, less-costly, lower-solidity, faster-turning rotor could 
be carried further . if one chose to be more aggressive. A compelling reason to keep rotor 
speed relatively slow is acoustic emission. Although noise projection is not yet an exact 
science, there is general agreement that a slower turning rotor will be quieter than a faster one, 
other considerations being equal. With the relatively quiet Enertech 44 as a well-known 
benchmark, we decided not to move to a significantly higher tip speed thereby insuring market 
acceptance in the area of acoustics. 

The final design trade-off matrix for the selected designs is shown in Table 2.1 -2. Here, 
other system parameters, such as tower weight, tower loads, and peak shaft moment predicted 
by FLAP are identified. Table 2.1 -2 also identifies total system costs, which have been refined 
from Task 1 as well as new cost-of-energy figures for the NREL Site #2 location. The bottom 
line is that the two-bladed AOC 1 7/60 produces energy at the lowest cost, namely 3.7 cents 
per kWh. The three-bladed design, however, comes in only 8/1 0 of a cent higher at 4.52 cents 
per kWh. Compared to the 1 1  cents per kWh figure for the Enertech 44 at the Palm Springs 
site, these are both very significant improvements. Either turbine configuration would produce 
energy at competitive rates. 

The peak tower design load was developed using PROP and FLAP. It is the drag that 
exists at the top of the tower under the maximum operational wind speeds. 

The peak rotor shaft bending moment is that due to the combination of yaw rate 
induced precessional torque and the power producing shaft torque. The value for the E44 is 
that for a yaw rate of 80 °/sec which has been experimentally confirmed. At the time when the 
assessment of the AOC 1 5/50 was performed, no verified analytic technique existed for 
predicting yaw rates. It is not clear what blade and wind characteristic(s) drive the three
bladed free yaw machine to high yaw rates in locations such as Palm Springs. 

Among the possibilities are: vertical wind shear, lateral wind shear rate of change of 
horizontal wind direction, rate of change of vertical wind direction, presence of local high speed 
''turbs", random turbulence, coherent swirl, blade taper, blade twist, or foil characteristics. Most 
of these potentially critical parameters are not specified in the NREL wind model. Since we 
knew that we didn't know which parameters were governing, we chose a conservative path. 
We modeled both the E44 and the AOC 1 5/50 using YawDyn and simulated a large step 
change in wind yaw angle. The result was a prediction that the AOC 1 5/50 was not 
significantly different in the maximum yaw rate than the E44. Since most of the candidate sites 
for the AOC 1 5/50 are not high yaw rate sites we chose to design for a low yaw rate. We will 
use a yaw damper, if needed, in difficult sites to control yaw rate. 

In general, the AOC 1 5/50 is significantly stronger that the E44. Since the E44 has 
survived over 5 years in the field, the stronger AOC 1 5/50 operating at much smaller yaw rates 
will have the same long life time as the E44 machines in benign sites. This prediction is 
assured since the precessional overturning moment is so much larger than other loads. 

For the AOC 1 7/60 we have very limited data on which to predict the yaw rate. The 
ESI 54 and 80 are two examples of turbines which fall in the category of two-bladed, teetered 
hub design. According to the published data, the yaw rates of these machines is below 
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Table 2 . 1 · 1  

-=---" "- � -..,.--. -.,.. 

TASK 2 · TRADE-OFF STUDY · COMPAR I SON OF W I ND TURBI NE ROTOR DESIGN PARAMETERS AND PERFORMANCE 

======================================================================================================================================================== 
Des i gn Parameter I Model I E44/40 I E44/60 I AOC 15/SOA I AOC 1 5/SOB I AOC 1 7/60A I AOC 1 7/60B I 
===================================== 1 ================== 1 ================== 1 ================== 1 ================== 1 ================== 1 ================== 1 
NUMBER OF BLADES I 3 I 3 I 3 I 3 I 2 I 2 I 
===================================== 1 ================== 1 ================== 1================== 1 ================== 1================== 1 ================== 1 
ROTOR D I AMETER m ft l 1 3 . 4  44 I 1 3 .4 44 I 1 5 . 0  49 . 2  I 1 5 . 0  49. 2  I 1 7 . 0  55.8 I 1 7 . 0  55 . 8  I 
BLADE LENGTH 

T I P  CHORD * 

MAXIMUM CHORD * 

m ft l 

mm i n l  

mm i n l  

6 . 4  

508 

61 0 

21 

20 

24 
@ % radi us/STAT ION (mm) i n  36% @ (2439) 96 

ROOT CHORD 

ROOT THI CKNESS 
mm i n l  393 1 S . 46 

mm i n l  236 
ROOT THI CKNESS I CHORD RAT IO 

BLADE WE I GHT (w/o tip brakes) kg lbl  1 04 

BLADE AREA (sing l e  blade) sq m sq ft l 3 . 46 
ROTOR AREA ( i nc l .  hub) sq m sq ft l 1 0 . 7  

ROTOR SWEPT AREA sq m sq ft l 141 . 2  

.60 

SOL ID ITY 

PI TCH @ 7S% radius 

ROTOR SPEED 

T I P  SPEED 

BEST Cp (Rotor) 

degrees ! 

rpm ! 

m/s mph ! 

. 07S 

2 . S  

S8.4 

41 . 1  

. 482 

9.30 

230 

37.20 

1 14 . 7  

1 S20 

92 

6.4 

508 

61 0 

21 

20 

24 

36% @ (2439) 96 

393 15 .46 

236 9.30 

. 60 

1 04 230 

3 .46 37.20 

1 0 . 7  1 14 . 7  

141 . 2  1 S20 

. 07S 

67. 0  

46. 9  

.487 

1 0S 

7.2 

406 

813 

23 . 6  

1 6  

32 

7.2 

4S7 

914 

23 . 6  

18 

36 

8 . 1 

457 

914 

26. 6  

18 

36 

8 . 1  

S08 

1016 

26. 6  

20 

40 
32 . 5% @ (2439) 96 1 32 . 5% @ (2439) 96 1 32.8 @ (2794) 1 1 0 1  32 . 8  @ (2794) 1 1 0 1  

4S7 1 8 . 00 I 4S7 1 8. 00 I so8 20 . 00 I S08 20 . 00 

279 

.61 

1 1 1  

4 . 44 
13.6 

1 76 . 7  

. on 
4 . 3  

64 . 0  

S0. 1  

.491 

1 1 . 00 

245 

47.7S 

146 . 4  

1902 

1 1 2  

318 

.69 

1 18 

4 . 93 

1 S . 1  

1 76 . 7  

. 08S 

4 . 0  

62 . 0  

48 . 7  

. 494 

1 2 . SO 

260 

S3 . 06 

162.3 

1902 

1 09 

314 1 2 . 35 

. 62 

143 31S 

S .64 60 . 66  

1 1 . 7 1 2S . S  

227. 1 2445 

. OS1 

1 . 4 

64 . 0  

S6.8 1 27 

.480 

348 

.69 
153 

6 . 1 9  

1 2 . 8  

227. 1 

. OS6 

2.4 

60 . 0  

S3 . 2  

.480 

1 3 . 72 

338 

66.67 

137.S 

2445 

1 19 

@ TSR/ @ W i nd  Speed (m/s)mph l 7. S @ (5 .48) 1 2 . 2S I 7. 6  Q (6 . 1 7) 13.80 ! 6 . 6  Q (7.60 )  17.00 ! 6 . 0  Q (8.0S )  1 8. 00 1 7.5 Q (7.60 )  1 7. 00 I 7. S  Q (7.60 )  1 7 . 00 

Cut- I n  W i nd  Speed m/s mph l 3 . 6  8 . 0  I 4 . 0  9 . 0  I 3 . 7  8 . 2  I 3 . 7  8 . 2  I 3 . 9  8 . 7  I 3 . 7  8.2 

Rated W i nd  Speed 

Other Power poi nts 

m/s mph ! 

Generator Peak Output & W i nd  Speed 

NREL SITE 1 (Ca l i fornia Passes )** 

NREL SITE 2 (Great P l a i ns)** I 
I 

NREL SI TE 3 (Mountain R i dge L i nes )** ! 

1 3 . 4  30 . 0  

4 S  k w  Q SS . O  mph 

1 13 , SOO kwh 

160 , 660 kwh 

139, 225 kwh 

1 5 . 6  35 . 0  1 1 . 0 24 . S  1 0 . 7  24 . 0  

S O  k w  Q 29 . 0  mph I 60 kw Q 30 . 0  mph I 60 kw Q 29. 0  mph 

66 kw Q 60. 0  mph I 66 kw Q 3S . S  mph I 66 kw Q 34 . 5  mph 

130 , 44S kwh 

1 86 , 292 kwh 

155,327 kwh 

1 64 , 200 kwh 

233 , 000 kwh 

1 99 , 700 kwh 

166, 200 kwh 

235 , 900 kwh 

202,300 kwh 

1 2 . 6  28. 1  

SO kw Q 22 . 6  mph 

66 kw Q 32. S  mph 

1 82,400 kwh 

257,000 kwh 

225, 800 kwh 

* AOC desi gns use NREL·813 a i rfoi l at t i p  ( 1 6% MAX . THI CKNESS) and NREL S81 1 at MAX . chord point (26 . 25% MAX . THI CKNESS ) .  

** Annual Energy Output 1 00% Avai l .  (82 1 Hub Height) 

1 2 . 5  28 . 0  

50 k w  Q 22 . 6  mph 

66 kw Q 32. S  mph 

183, 700 kwh 

2S8 , 700 kwh 

227,SOO kwh 



Table 2 . 1-2 
TASK 2 - DESIGN TRADE-OFF MATRIX 

============================================================================ 

Design Parameter Model l E44/�0 1 AOC 15/ 5 0  1 AOC 17/ 6 0  
Basel J.ne 

================================== ! ============= ! ============= ! ============= 

NUMBER OF BLADES 3 3 2 
================================== ' ============= ! ============= ============= 

ROTOR DIAMETER m ft 13 . 4  4 4 1 15 . 0  4 9 . 2  17 . 0  55 . 8  

BLADE LENGTH 

TIP CHORD * 

MAXIMUM CHORD * 

BLADE WEIGHT 

(wjo tip brakes ) 

BLADE AREA 

( single blade) 

ROTOR AREA 

( including hub ) 

SOLIDITY 

ROTOR SPEED 

TIP SPEED 

cut-In Wind Speed 

Rated Wind Speed 

Generator Peak Output 

& Wind Speed 

Turbine Weight 

Tower Weight 

Total System Weight 

PEAK TOWER DESIGN LOAD 

m ft 

mm in 

mm in 

kg lb 

6 . 4  

5 0 8  

6 1 0  

1 0 4  

2 1 1 7 .  2 

2 0  I 4 06 

2 4  8 13 

2 3 0  111 

2 3 . 6  

16  

3 2  

2 4 5  

8 . 1  

457 

9 1 4  

143 

2 6 . 6 

18 

3 6  

315 

sq m sq ft 3 . 4 6 3 7 . 2 0 4 . 4 4  4 7 . 7 5 5 . 64 60 . 6 6 

sq m sq ft 10 . 7  114 . 7  13 . 6  1 4 6 . 4  11 . 7  12 5 . 5  

0 . 07 5  0 . 07 7  0 . 05 1  

rpm 67 64  64 

mjs mph 4 1 . 1  1 0 5  5 0 . 1  112 5 6 . 8  127 

m/s mph 

mjs mph 

kg lb 

kg lb 

kg lb 

kg lb 

4 . 0  9 . 0  

15 . 6  3 5 . 0  

6 6  kw @ 
6 0 . 0  mph 

1882 4 15 0  

2 7 2 2  6 0 0 0  

4 604 1 0 1 5 0  

3 15 0  6 9 4 5  

3 . 7  8 . 2  

11 . 0  2 4 . 5  

6 6  kw @ 

3 . 9  8 . 7  

12 . 6  2 8 . 1  

66  kw @ 
35 . 5  mph 3 2 . 5  mph 

1 8 2 6  4 02 5 1 1717 3785 

2 5 3 3  5 3 0 0 1 2 2 18 5 2 0 0  

4 3 59 

4 0 2 1  

PEAK ROTOR SHAFT MOMENT N-m ftlb 62 3 7 6  

NREL S ITE 1 

4 6 0 0 0  3 18 7 0  

9 3 2 5  3 9 3 5  

8 8 6 5  3 17 5  

2 3 5 00 4 0 68 

8985 

7 000 

3 000 

Cal ifornia Passes * *  

NREL S ITE 2 

Great Plains ** 

NREL SITE 3 

kwh 

kwh 

Mountain Ridge Lines * *  kwh 

INITIAL CAPITAL COST ( ' 8 9 $ )  

COST OF ENERGY ( @  NREL S ITE 2 )  ¢ 

1 3 0 , 4 4 5  

1 8 6 , 2 9 2  

155 , 3 2 7  

$ 6 1 , 3 99 

10 . 99 

164 , 2 0 0  

2 3 3 , 0 0 0  

199 , 7 0 0  

$64 , 4 19 

4 . 52 

* AOC designs use NREL- 8 1 3  airfoil at tip - ( 16% MAX . THICKNESS ) 

and NREL S811 at max . chord point - ( 2 6 . 2 5 %  MAX . THICKNESS ) 

** Annual Energy Output 1 0 0 %  Avail . ( 8 2 ' Hub Height ) 

70 

182 , 4 00 

2 5 7 , 0 00 

2 2 5 , 8 00 

$58 , 0 00 

3 . 7 0 
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1 0  °/Sec maximum. Our yaw rate prediction analytical tools are not verified. The NREL wind 
model is incomplete. We have assumed that the maximum yaw rate of the AOC 1 7/60 is less 
than 1 0 °/sec. The shaft loads are thus governed by teeter stop impacts and power torque. 
The effects of turbulence are, for the most part, removed by the teeter. Our design shaft load 
is due to power torque plus dead weight. 

2.2 Control System Trade-Off 

A trade-off study was performed to determine if an energy capture improvement would 
result from a change in the baseline turbine control strategy. 

The Enertech 44 baseline controller, shown in Figure 2.2-1 , used an anemometer signal 
to determine if: 1 )  the parking brake should be released and the turbine connected to the 
grid, or 2) the turbine should be disconnected and the brake applied to shut down the turbine. 
The anemometer signal is passed through a low pass filter and two set points are compared 
to the filtered wind speed data to determine the turbine state. With this type of control, the 
turbine: 1 )  never freewheels, 2) can be motoring in insufficient winds while the filtered wind 
speed "catches up" with the instantaneous wind speed, and 3) can remain braked during 
periods of time when there is sufficient wind to generate power. With each connection of the 
turbine to the grid, the turbine motors up to speed, which consumes energy. 

In the proposed new control system strategy, when the turbine is consuming power or 
motoring, it will be disconnected from the grid and will be allowed to freewheel. This 
freewheeling mode of operation is the fundamental difference between the proposed and 
baseline control schemes. If the wind velocity exceeds 4.5 m/s (1 0 mph) and at least 1 0 
minutes have elapsed since the last motoring, the system will be connected to the grid 
momentarily as a boost or soft start. However, once rotating, the turbine will normally 
freewheel up to operating speed and no motoring should be required. As shown in Figure 2.2-
2, when the wind turbine reaches synchronous speed the induction generator is connected to 
the grid. 

A time-step model was developed for this study in order to evaluate the potential 
benefits of the proposed control system. If the rotor speed was below synchronous, rotor 
torque was determined from the rotor Cq vs. tip-speed ratio, and current tip-speed ratio. The 
rotational velocity at the next time step was then calculated. When the turbine was at or above 
synchronous speed, the power was derived from wind speed, and the rotor speed was 
determined by the generator slip at that power. 

Wind speed data was collected in 1 -minute intervals at Cuttyhunk, MA on March 27, 
1988 from Noon to Midnight (Figure 2.2-3). The wind speed averaged 7.1 m/s (1 5.99 mph) with 
a standard deviation of 2.7 m/s (6.1 4 mph). The wind speed data that was used in the 
simulation was synthesized to 2-second intervals from the 1 -minute data. The 2-second 
interpolation was achieved by filtering Gaussian-distributed random numbers to produce an 
appropriate power spectrum for wind fluctuations. Nine hours of simulation were separated into 
1 -hour segments for analysis. 
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Figure 2.2-1 

Figure 2.2-2 

V >  1 2  

V < 9  

E-44 Baseline Controller Logic 

Release Brake, 
Connect to Grid 

Disconnect, 
Set Brake 

Potential Transformer - Used to sense rotor speed 

Connect to G rid 
CPU 

Disconnect 

Current Sensor 

Logic: 
If v >  1 0  
and 1 0  minutes since last 
boost.  connect 
(powered start-up) 

If RPM :? synchronous 
connect 

If motoring disconnect 

Proposed RPM-Based Controller 
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The results of the simulation are shown in Figure 2.2-4. In this figure, the power-versus
time plots of the proposed new controller are compared to the Enertech 44 baseline controller. 
The baseline controller plot illustrates negative power that is consumed when the turbine is 
motoring. Because the proposed control strategy virtually eliminates motoring, no negative 
power results. The proposed controller simulation shows a significant increase in energy 
capture over the baseline design. The loss of power in the baseline control strategy is 
attributed to the turbine motoring in insufficient winds, or when it is braked during times when 
the wind is sufficient to generate power. The proposed control scheme provides the turbine 
more opportunity to generate power, due to the added freewheeling capability that eliminates 
motoring of the turbine and unnecessary braking. 

Table 2.2-1 shows the simulation results of the modified and baseline control schemes. 
The data is summarized in Table 2.2-2. For a 9-hour simulation, the proposed controller 
showed a 3% improvement in energy capture over the baseline design. As expected, the more 
significant energy production improvements occur at lower wind speeds when the system is 
operating at the threshold of decision points. 

In addition to energy savings, another benefit of the freewheeling controller is the 
elimination of motor starts. Data from Enertech 44 machines located in Princeton, MA indicate 
that each turbine averages one motor start every 1 1 /2 hours. Frequent motor starts may 
contribute to premature failures in the generator insulation and add fatigue damage. Therefore, 
the elimination of motor starts may increase the reliability and life of the generator and other 
components. 

The proposed controller will also eliminate unnecessary braking cycles since it is 
allowed to freewheel under conditions where the baseline controller would have shut the 
system down. This will reduce fatigue on mechanical and rotating parts in the system, and so 
may increase the reliability of the turbine system. The potential for a 3% improvement in 
energy capture is significant. Although the new control strategy is simple it requires additional 
hardware to implement. An Enerpro autosynchronous controller is used for 
connect/disconnect. Only minor software changes are required to accommodate the 
freewheeling aspect of the control system. We recognize the potential for yaw instability of a 
freewheeling/free yaw machine in "puffy" winds. Dwelling on a system resonant frequency and 
increased number of cable wraps are areas which will be closely monitored in the prototype 
stage of development. 

Table 2.2-2 
9-Hour Simulation Result Summarv 

Mean wind speed 
Run time total hrs 
kWh produced 
Number of motorstarts 
kWh consumed 
No. of line connections 
Net production 

Capture Difference 
% Difference 

4.34 kWh 
2.8% 
74 

Proposed 
Controller 

1 5.5329 
9.0000 
1 57.0658 
0 
0.0000 
1 1 1 7 
1 57.07 

Baseline 
Controller 

1 5.5329 
9.0000 
1 54.71 02 
74 
1 .991 3 
74 
1 52.72 
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Trlal 1 Trlal 2 Trlal 3 Trla1 4 Trial S Trlal 6 Trlal 7 Trlal o 

"new" "old'' "new" "old" "new" "old" "new" "old" "new" "old" "new" "old" "new" "old'' "new" 

9.1 6  9.1 8  12.90 1 2.90 1 2.23 1 2.23 13.12 13.12 1 1 .96 1 1.96 14.62 1 4 .62 1 6.64 18.64 1 9.2 1 
1 .00 1 .00 1 .00 1 .00 1 .00 1 .00 1 .00 1 .00 1 .00 1 .00 1 .00 1 .00 1 .00 1 .00 1 .00 
2.62 2.09 8.95 8.65 7.55 7.09 10.27 9.99 6.92 6.45 1 3.09 1 3. 14 22.78 22.76 24.01 
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_ 0.4_8 --- __ o_.Ql_ '----- 0.11_ - 0.0·6 rn 0.02 0.00 . - ().01 

I 

I 
I 

Trlal 9 

"old" "new" "old" 

1 9.2 1 21.81  21.81 
1 .00 1 .00 1 .00 

23.93 30.34 30.34 

3 0 0 
0.06 0.00 0.00 

3 23 1 

23.85 30.34 30.34 

0.00 
-
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2.3 Trade-Off Conclusions 

From an engineering point of view, the two-bladed AOC 1 7/60 turbine exhibits lower 
capital cost, improved energy production, and lower cost of energy than the three-bladed AOC 
1 5/50. However, the three-bladed AOC 1 5/50 provides for significant improvement in 
performance over any existing wind turbine in its class. It also provides a low risk, low 
development cost, and rapid product entry into the marketplace, which is consistent with 
AOC's corporate goals. In addition, the 50 kW turbine clearly qualifies for "net billing," which 
is an important market consideration in the mid-western region. Under net billing the 
interfacing utility is required to purchase excess energy at retail rates which can improve the 
economics significantly. Table 2.3-1 summarizes the trade-off conclusions and Table 2.3-2 
provides comparative energy capture data for other turbines in this size range. The AOC 1 5/50 
has the lowest kW rating of the competitors yet clearly out performs them in all but the lowest 
of wind speeds. 

) 
r AOC intends to leverage the conceptual design developed under Task 2 of the AOC 

( l 

l 
t 

1 5/50 and reduce it to practice by embarking on a final design phase that will lead to 
prototyping followed by manufacturing. A prototype generator was ordered in early May, 1 991 
and received in September, 1 991 . We are currently soliciting manufacturers for the tower top 
and hub castings. As a corporation, AOC stands ready to move this conceptual design into 
the marketplace as a clear demonstration of how DOE/NREL funds can successfully incubate 
a product development effort. 

Table 2 . 3 - 1  

SUMMARY OF TRADE-OFF CONCLUSIONS 

2 BLADED 3 BLADED 

AOC DEVELOPMENT COST HIGH MODERATE 

DEVELOPMENT TIME 12 MONTHS 6 MONTHS 

# OF PROTOTYPES �3 1 OR 2 

DESIGN RISK HIGHER MINIMUM 

LOADS GENERALLY REDUCED HIGHER 

MARKET ACCEPTANCE LOWER HIGHER 

ACOUSTIC EMISSIONS UNKNOWN ACCEPTABLE 

ENERGY PRODUCTION BETTER GOOD 

INSTALLED COST/kWh LOWER HIGHER 
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Table 2 . 3-2 

Competitive Energy capture Data 

Annual Energy Capture 
Turbine Rotor kW ( kWhjyr) 

Manufacturer Diameter Rating ·i 
4 mjs 6 mjs 8 mjs 

Windharvester 17 m 6 0  2 5 , 100 106 , 0 0 0  2 00 , 000 

Lagerway 18 m 8 0  70 , 000 13 0 , 0 0 0  2 0 0 , 000 

AOC 15 m 50 38 , 00.0 12 9 , 000 2 2 7 , 000 
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3.0 Design Criteria Development 

Through its involvement with the development of standards, AOC has extensive working 
knowledge of the existing and developing standards and design criteria. Table 3.0-1 illustrates 
the Design and Safety Standards and draft documents applicable to AOC's design process. 
In general the design philosophy for the AOC 33/350 Turbine follows that of the American Wind 
Energy Association (AWEA) (Doc. 1 )  and the draft documents of the International 
Electrotechnical Commission (IEC) (Doc. 7, 8) and the Commission for European Communities 
(CEC) Recommendations (Doc. 1 4) .  

In Table 3.0-2 the general configuration and design criteria for the wind turbine are 
identified. In developing the design specifications the following considerations were taken into 
account: 

• External Design - Environmental, including wind inflow models and rules as well 
as other climatic conditions and other external events such as grid conditions 

• Loads and load cases 
• Identification of critical components including partial safety coefficients. 

3.1 General Principles of Design 

Wind turbine design is based on verification by analysis and test of its resistance to 
events and conditions that may occur during its design life-time. The control and protection 
system in combination with the structural strength will ensure that the wind turbine remains 
within its design limits. The design limits are defined in such a manner that the appropriate 
safety level is obtained for safe- life design and fail-safe operation. 

The load cases consist of a combination of external conditions and the design situation. 
All relevant cases and their frequency of occurrence are considered for the selection of the 
design (see Table 3.1 -1 ) . Where several combinations of conditions are possible, the most 
unfavorable case is considered. Based on the design 

·
conditions, the structural strength and 

deformation will remain within safe limits. 

In the case of rare external events such as earthquakes, some damage to the wind 
turbine is acceptable as long as the turbine remains in a fail-safe or nonhazardous condition. 
It is recognized that some rare external events may be extreme and that the turbine may 
sustain significant damage. 

Verification of the safety level is based on the use of partial safety coefficients or on a 
comprehensive risk analysis. Dynamic response is considered if it leads to instabilities or to 
increased structural loading or deformation. The critical fail-safe components include: 

• 

• 

• 

• 

• 

• 

Tower and fasteners 
Cast steel tower top 
Cast transmission housing 
Main shaft 
Hub and connectors 
Blades . 
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AWEA 
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ANSI/ 
EIA/TIA 

IEEE 

ANSI 

ECN 

IEC 
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IEC 

IEA 

IEA 

AWEA 

IEA 

CEC 

AWEA 
EIA 
IEEE 
ANSI 
IEC 
IEA 
CEC 
ECN 
TIA 

Table 3.0-1 

APPLICABLE DESIGN CRITERIA DOCUMENTS 

Design Criteria Recommended Practices 
AWEA Std 3 . 1  - 1 9 8 8  

Recommended Practice for the Installation of Wind 
Energy Conversion Systems 
AWEA Std 6 . 1  - 1989 

Structural Standards for steel antenna towers and 
antenna supporting structures 
ANSI/EIA/TIA - 2 2 2  - E - 199 1 

Recommended Practice for the Electrical Desian and 
operation of Windfarm Generating Stations 
IEEE Std 5td 1 094 - 1 9 9 1  

C 2  - 199 0 ,  National Electrical Safety Code 

Regulations for the Type - Certification of Wind 
Turbines : Technical Criteria (Netherlands ) 
ECN - 9 1  - 001 

Safety Philosophy of Wind Turbine Generator Systems 
1 9 9 0  Working Draft (WG1 - TC- 8 8 ) - 8 8  ( Sec ) 13 

WTGS Installation Operations and Maintenance 
1 9 9 0  Working Draft 2 (WG3 - TC-8 8 )  

WTGS Engineering Integrity 
Working Draft 3 (WG2 - TC-8 8 )  

Recommended Practices for Wind Turbine Testina and 
Evaluation No . 3 :  Fatigue Characteristics 1 9 9 0  

Recommended Practices for Wind Turbine Testing and 
Evaluation No . 6 :  Structural Safety 1 9 8 8  

Wind Energy Conversion Systems Terminology 
AWEA Std 5 . 1  - 1990 

Recommended Practices for Wind Turbine Testing and 
Evaluation No . 8 :  Glossary of Terms 1987 

Recommendation for a European Wind Turbine Design 
Standard Load Cases and Loads 
CEO DG 17 - April 1 9 9 1  

American Wind Energy Association 
Electronic Industries Association 
Institute of Electrical and Electronic Engineers 
American National Standards Institute 
International Electrotechnical Commission 
International Energy Agency 
Commission for European Communities 
Energieonderzoek Centrum Netherland 
Telecommunication Industries Association 
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TABLE 3.0-Z 

CONFIGURATION & DESIGN SPECI FICATIONS FOR THE ATLANTIC ORIENT 
15!50 60 Hz 50 leW TURBINE 

Type 
Conf; gurat; on 
Rotor d;ameter 
Center l ; ne hub he;ght 

PERFORIWICE PARAMETERS 
Rated electr;ca l  power 
Wh'ldspeecl 

cut - ; n  
shut· down c h ;  w;nd) 
peak ( surv;va l )  

Annua l output 
1 00% avaH . 

Type of hub 
Rotor d; ameter 
Swept area 
Number of blades 
Rotor soUdHy 
Rotor speed at rated 

power ( rpm> 
Locat ; on rel at ; ve 

to tower 
Cone angl e  
T H t  ang l e  
Rotor t;  p speed 
Des;gn t ; p  speed rat;o 

Length 
Mater; a l  
A ; rfoH ( type) 
Tw;st 
Root chord 
Max chord 
r ; p  chord 
Chord taper rat ; o  
overspeed dev; ce 
Hub attachment 
B l ade we;ght 

TRANSMISSION 
Type 
Hous;ng 
Rat ; o  ( rotor speed to 

generator speed> 
Rat; ng ,  output hp. 
Lubr; caUon 
F Ht rat;on 

Heater (opt; on) 
GENERATOR 

Type 
Frequency ( Hz) 
Vol tage (V) 
kW at rated w; ndspeed 
kW at peak cont ; nuous 
Speed rpm Cnom;na l )  
w;nd;ng conf ; gurat ; on 
I nsulat;on 

Opt ; on 
Enc losure 
F rame s ; ze 
Mount ; ng 

ut; l ; ty ; nterface 
Hor; zonta l ax; s  
1 5  m (49 . 2  ft)  
25 m (82 f t >  

5 0  kW at 1 1 . 0 m/S (24 . 5  mph) 
@ hub he;ght 25 m (82 f t )  
3 . 7  m/s ( 8 . 2  mph )  
25 . 0  m/s (55 mph )  
5 5  m/s C 1 23 mph )  

5 . 4  m/s ( 1 2  mph )  98, 700 kwh 
6.7 mts ( 1 5  mph >  165 , 000 kwh 
8 . 0  mts ( 18 mph )  228, 800 kwh 

f ;xed p; tch 
15 m 2c49 . 2  ft)  2 177 m ( 1 902 ft > 
3 
. 077 

64 

Downw ; nd  
6 degrees 
0 degrees 
50 m/s ( 1 1 2 mph ) 
6 . 5  

7.2 m ( 23 . 7  f t )  
wood/epoxy · Gougeon 
NREL , T h ; ck Ser; es • mod;f ;ed 
7• outer b lade 
457 mm ( 1 8 ;n) @ 4% 279 mm ( 1 1  ;n) f rom hub ctr 
749 mm ( 29 . 5  ;n) @ 39"� 2925 mm ( 1 1 5  ;n) from hub ctr 
406 mm (16 ; n) @ 1 00% 7500 mm (295 ;n) from hub ctr 
:t 2 : 1 
E l ectro·magnet ; c  T ; p  Brake 
Embedded female bo l t  receptors 
125 kg ( 275 lbs) 

P lanetary 
Duct ; l e  ; ron - Integrated cast ; ng 

1 to 28. 25 (60 Hz) 1 to 24 (50 Hz>  
88 
Synthet; c  Gear o; l 
Pos ; t ; ve ,  e l ectr i c  pump w i th f i l ter 
cartr i dge 
Cold weather vers; on, e l ect r i c  

I nduct i on 
60 ( 50 Hz) 
480, 3� - 380/41 5  3¢ (50 Hz) 
50 
66 
1800 
star 
class F 
class H severe t rop; ca l env; ronments 
Tota l ly enc losed a i r over 
365 TC 
D i rect mount t ransmi ssi on 
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YAW SYSTEM 
Norma l 

Opt i on 

DRIVE TRAIN TOWER INTERFACE 
Structural 
E lectrical  

Type 

Tower h e i ght 
Opti on 

FOOIIDATIOI 
Type 
Anchor bo l ts 

COITROL SYSTEM 
Type 
Contro l i nputs 

Control outputs 

Commun icat i ons ( option) 

ROTOR SPEED IDITROL 

Product i on 
Norma l start - up 
Shut-down 

Back-up overspeed control 

BRAKE SYSTEM COITROL 

SYSTEM DESIGN WEIGHTS kg(lbs> 
Tower 
Nacel l e - Rotor & 

D r i ve T ra i n  
Total wei ght on 

foundation 
DESIGN LIFE 

SCHEDULED MAI NTENANCE 

DOCUMENTATIOI 

DESIGN STANDARDS 
American Wind 

Energy Assoc i a t i on 

I nterna t i ona l E lectro
techni ca l  Commi ss i on 

Commi ss i on of the 
European Commun i ty 

E lectron i c  I ndustr i es Assoc. 

ATLANTIC ORIENT 15!50 CContiooed) 

Free, rotates 360• 
Yaw dampeni ng - requi red when condi t i ons 
exceed so• yaw rate per second 

Yaw bearing mounted on tower top casting 
Twi st Cable 

Galvanized 3- legged bo l ted Latt i ce 
se l f  support i ng 
24 . 4  m (80 ft) 
30 m ( 1 00 ft) 

Concrete 
Certi f i ed ASTM A-193 G . B7 

MCU based 
Wi nd Speed, Generator f requency, 
Generator Current, Generator 
Temperature, Grid Voltage, 
Generator Vol tage 
L i ne I nterconnection, brake deployment, 
f i l trat i on pump, heaters (opt i ona l )  
Ser i a l  l i nk to Centra l Computer 
for Energy Moni tor and 
Mai ntenance D i spatch 

B l ade sta l l  i ncreases w i th i ncreased wind veloc i ty 
Aerodynamic/E lectrica l  boost if necessary 
Control system simul taneous ly appl i es dynami c  brake 
and deploys t i p  brakes. Parki ng brake bri ngs rotor to a 
standst i l l .  
Centri fuga l ly act i vated t i p  brakes deploy 

Fa i l -safe brakes automatical ly deploy when grid 
fa i lure occurs. 

3, 200 kg (7, 055 lbs> 

1 , 825 kg (4, 025 lbs) 

5 ,025 kg ( 1 1 , 078 lbs) 
30 Years 

Annual ,  or after severe events 

I nstal lat i on manua l ,  Operat ion manua l ,  
Service & Mai ntenance manua l , Des i gn 
Criter i a  Document 

Des i gn cri ter i a  practi ces recommended 

AWEA Standard 3 . 1  - 1988 

Draft 1991 - TC88 - Safety of W i nd  
Turbine Generator Systems 

Recommendat i on for a European W i nd  Turbi ne 
Des i gn Standard: Load Cases & Loads, Apr. 1991 

Structural Standards for Steel Antenna Towers 
and Antenna Support Structures E IA/T IA 222-E, 
March 1 991 
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Design criteria for the critical components include the following: 

• Blade Attachment Study, General Bolting: 

- Preload (Minimum Stud Cross Section) : 
Membrane Stress < .8 * Minimum Yield Strength 
Membrane Plus Bending Stress < Minimum Yield 

Strength 

- Service Load (Minimum Stud Cross Section, After 
Relaxation & Embedment) : 

Membrane Stress < .8 * Minimum Proof Stress 
Membrane Plus Bending Stress < Minimum Proof 

Stress 

- Service Fatigue Load (Fatigue Strength Reduction 
Factor, Joint Gapping, Overload Effects, Mean 
Stress Effects, Thread Fabrication Process, 
Rainflow Cycle Counting) : 

Total Fatigue Damage < 1 .0 with Stress Design 
Factor of 2.0 

- Service Loads: 
Average Nut Collar Bearing Stress < Proof Stress 
Extreme Service Load (Minimum Stud Cross 

Section) : 
Membrane Stress < Minimum Yield Strength 
Membrane + Bending Stress < 1 .2 Minimum Yield 

Strength 

• Hub, Low-Speed Shaft, Transmission Case, Tower Top 
Plate: 

- Service Loads: 
Average Bearing Stress at Nut < Proof Stress 
Membrane Stress < .8 Minimum Proof Strength 
Membrane Plus Bending Stress < Minimum Proof 

Strength 

- Service Fatigue Loads (Local Stress 
Concentration 

Effect, Mean Stress Correction, Overload 
Effects, Rainflow Cycle Counting) : 
Total Fatigue Damage < 1 .0 with Design Stress 

Factor of 2.0 

- Extreme Service Loads: 
Membrane Stress < Minimum Yield Strength 
Membrane + Bending Stress < 1 .2 Minimum Yield 

Strength 
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Table 3.1 -1 Load Cases 

DESIGN SI TUAT ION 

1 .  Power production 

2 .  Power production + control and/or protection 
system faul t  

3 .  Start up 

4 .  Normal shut down 

5 .  Emergency shut down 

6. Parked (standing sti l l  or i d l ing) 

7.  Parked + faul t  conditions 

8 .  T ransport , assembly, ma i ntenance a nd  

DLC Des i gn Load Case 
DIIM Des i gn llind Model 
EGC Extreme Gust Cond i t i ons 
EDC Extreme D i rect ion Change 
EllS Extreme llind Sheer 
r Recurrence time in Years 
s Steady 
F Fat i gue 
U U l t imate 

repa i r  

DLC 

1 . 1  DIIM 

1 . 2 DIIM 

1 .3 DIIM 

1 .4 DIIMs 
1 . 5 EGC1 
1 .6 EGC5C 
1 . 7 EllS 

1 .8 EDC 

2 . 1  EIIMs 
2 . 2  DIIM 

3 . 1  DIIM 

3 . 2  EGC1 
4 . 1  DIIM 

4 . 2  EGC1 
5 . 1  DIIMs 
6 . 1  

6 . 2  

7 . 1  

8 . 1  

IIIND FLOII 

v = vr or vout 

vi n  < v < vout 

vi n  < v < vout 

v = vr or vout 

v = vr or vout 

v = vr or vout 

v = vr or vout 

v = vr or vout 
V = vr or Vout 

vi n  < v < vout 

vi n  < v < vout 

v = vr or vout 

v i n  < v < vout 

v = vr or vout 

v = vr or vout 

v = vsur50 

v < vsur1 

v = vsur1 
o be stated by 
he Manufacturer 

N Part i a l  safety factors for Normal and Extreme loadi ngs 
A Part i a l  safety factors for Accidental l oadings 
T Part i a l  safety factors for T ransport and E rection loadi ngs 
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F 
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3. 1.1 Safe-Ufe Design 

The rotor and support system are a safe-life design. This design maintains the 
structural integrity and safe operation under the specified environmental conditions without 
damage to life or property for the specified lifetime of 30 years. 

3.1.2 Fail-Safe Operation 

The control subsystem is designed for fail-safe operation so that in the event of failure 
of a control component, the machine will remain in a nonhazardous condition. 

3.1.3 Protection System 

The protection system will be able to protect the turbine from any single failure or fault 
in any nonsafe-life components or power supplies. A combination of two or more failures that 
are interdependent or have a common cause are treated as a simple failure. All nonredundant 
components are designed for safe life. 

3.1.4 Maintenance Instructions 

The AOC 1 5/50 is designed so that maintenance may be safely carried out by following 
instructions provided in the operation and maintenance (O&M) manual. An O&M manual will 
be provided to the end user. Detailed procedures will be provided for checking the proper 
function of safety systems, protection systems, and troubleshooting procedures. 

3.2 External Conditions 

The WTGS is subjected to environmental and electrical parameters that may affect its .· 

loading, durability, and operation. To ensure an acceptable level of safety and reliability, the·-,, 
environmental and electrical parameters are taken into account in the design and are explicitly 
stated in the design documentation. 

The environmental parameters are divided into wind conditions and other climatic 
conditions. The electrical parameters refer to the grid conditions. Wind conditions are the 
primary environmental considerations for structural integrity. Other climatic conditions also 
affect design features such as control system function, durability, and corrosion. 

The external conditions are further divided into normal and extreme conditions. The 
normal conditions generally concern long-term structural loading and operating conditions, 
while the extreme conditions represent the rare but critical external design conditions. The 
design load cases consist of a combination of these external conditions with machine 
operational modes. Table 3.2-1 identifies the wind inflow conditions used in our design effort. 

3.3 System Design Considerations 

The following sections address the system design considerations evaluated in our 
design process. 
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TABLE 3.2-1 

Wind Inflow Conditions 

1 .  Wind Shear Coefficients V(z) = V10m(Z/1 Om)cr 

a) CA Pass Site 
b) Great Plains Site 
c) Mountain Ridgeline 

2. Mean Turbulence Levels 

a Day 
(50% of time) 

0 
. 1 3 
.25 

a Night 
(50% of time) 

0 
.23 
.35 

K = 1 .0 with row spacings > 20 D 

a) CA Pass Site 

b) Great Plains Site 

c) Mountain Ridgeline 

K = 1 .3 with row spacings < 20 D 

z0 = 1 .3 X 1 0-2 

z0 = 3.4 X 1 0-3 

z - 1 x 1 o- 1 
0 -

3. Turbulence Distribution for All Three Sites 

1 0% of time 

60% of time 

30% of time 

4. Lateral and Vertical Turbulence Levels 

(J 2 = .s (J 2 
v u 

(J 2 = ·4 (J 2 
w u 

5. Integral Scales 

Lux = 25(zm,tz0 ") where: n =.4,m=.75(z0r4 

Luy = .35 Lux 
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3.3.1 Design Applicability and System Load Cases 

Design load cases, loading combinations, and design methods are applicable to the 
turbine and the support structure or tower. The imposed loads that are considered in the 
design are listed in Table 3.1 -1 under load cases. 

The analysis of structural loads includes the aerodynamic loads produced by the wind 
on all system components, coupled with appropriate inertial loads developed by the rotating 
elements. Detailed concern is given to system control status for each operating condition. 

3.3.2 Normal Operating Conditions 

Normal operating conditions impact system life expectations and the avoidance of long
term failures. Analysis of the following conditions reflect appropriate high-cycle fatigue and 
wear conditions: 

• Aerodynamic inputs (steady and gusting wind loading) 
• Gravity loads 
• Inertial loads (static and dynamic loading) 
• Centrifugal loads 
• Gyroscopic loads. 

3.3.3 Extreme Operating Conditions 

Extreme operating conditions are important for limit load determinations and evaluation 
of extreme environmental effects and potential low-cycle fatigue. The following conditions may 
exist with the turbine either in operational or nonoperational status: 

• Peak wind speed 
• Maximum ice loading 
• Temperature extremes 
• Hail damage 
• Lightning 
• Earthquakes. 

3.3.4 Fault Conditions 

The analysis of system loads in a fault condition is made to guarantee system safety. 
These listed fault conditions are considered part of the normal operating environment and, 
therefore, normal (i .e., conservative or high) safety factors should apply. Protection schemes 
should be designed for maximum reliability. The safety system consists of the dynamic brake 
and blade stalling. The secondary or back-up safety system consists of tip brakes on the 
blades. 
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3.4 Loads and Load Cases 

The load cases shall be determined from the combination of specific assembly, erection, 
maintenance, and operational criteria with external conditions. All load cases take into account 
the effects of gravitational, inertial, aerodynamic, and operational loads. Attention is given to 
the control system status for each operating condition. Dynamic factors based on dynamic 
calculations or measurements on both the predicted maximum operating and ultimate loads 
are applied in excess of calculated static loads where appropriate. 

3.4. 1 Loads Definitions 

The following loads related definitions are provided for clarity. 

Inertial and Gravitational Loads: Inertial and gravitational loads are external forces resulting 
in static and dynamic loads acting on the turbine due to vibration, rotation, and gravity. 

Aerodynamic Loads: Aerodynamic loads are static and dynamic loads that are caused by 
the airflow and its interaction with the stationary and moving parts of a turbine. The airflow 
is dependent upon the rotational speed of the rotor, the average wind speed across the rotor 
plane, the turbulence, the density of the air, the aerodynamic shapes and their interactive 
effects. 

Operational Loads: Operational Loads result from the operation and control of the turbine. 
They are identified as being in several categories. These are the control of rotor speed such 
as torque control by pitching of blades or other aerodynamic devices. They include drive train 
mechanical braking and transient loads, caused by rotor stopping and starting, generator 
connection, and disconnection and yawing loads. 

Unbalance Loads: Unbalanced loads are caused by mass unbalance or aerodynamic 
unbalance. 

3.4.2 Design Situations 

The operational life of a turbine can be divided into a finite set of modes of operation 
that constitute the design situations. 

Normal Design Situations: These are the design situations that occur frequently. The control 
system determines the operating limits and it is assumed that there are . no failures or faults in 
the turbine. The normal design situations are: 

• Power production 
• Start-up 
• Shutdown 
• Stand still 
• Idling . 

Failure Design Situations: These are design situations with single or common cause failures 
in the turbine. The failure design situations are: 

• Emergency shutdown 
• Control system failure 
• Failure in the protection system 
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• Electrical system failure I 
Structural failure • 

• Parking system failure . 

Special Design Situations: These are the design situations that rarely occur and it is assumed 
that there are no failures in the turbine. These design situations occur during: 

• Transportation 
• Assembly and erection 
• Commissioning 
• Function testing 
• Maintenance and servicing. 
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4.0 Design Loads Development 

Preliminary designs were developed under Task 2 that enabled valid trade-off studies 
of the competing concepts. The loads associated with these design concepts were sufficiently 
developed to enable the structural integrity of the designs to be established. This means that 
both the static and the cyclic structural capabilities were addressed. 

Our design is unique in that it is closely associated with machines that have a long 
and relatively well documented service history. Thus, we were able to use over 5 years of 
field experience in severe operating environments along with the analytical loads predictions 
to provide structural integrity assessments that should be accurate. The structural integrity 
significance of the analytically derived loads were frequently interpreted using the prior service 
history of Enertech 44 machines and the proposed modifications to that design. This provides 
the best possible assessment of the structural integrity of our turbines. 

4.1 Analytical Tools 

Analytical tools used to evaluate turbine loads are discussed in the following sections. 

4. 1.1 Prediction of Power vs Wind Speed 

The pitch settings for the 50 kW machines were selected to limit the maximum power 
to 66 kW in wind speeds of up to 26.8 m/s (60 mph). The predictive tool used for this task 
is the DOE/NREL computer program, PROPSH (Ref. 1 ) .  The two and three-blade PROPSH 
models are defined in Tables 4.1 -1 and 4.1 -2, respectively. 

It was concluded that pitch settings of 4.3 degrees and 1 .4 degrees (at 75% radial 
station) were needed to ensure high wind power limiting as well as excellent power capture 
at low wind speeds for the three and two-bladed designs, respectively. 

In general, the pitch setting used for each computer program to predict machine 
response and loads was adjusted to limit the power predicted by each program at 26.8 m/s 
(60 mph) winds to values under 66 kW. This is the most appropriate means of dealing with 
program-to-program differences. In YAWDYN (the yaw rate prediction program) and FLAP, the 
pitch angle used at each wind speed was chosen so that predicted power output (without the 
effects of yaw) was approximately the same as predicted by PROPSH for the same wind speed. 

4. 1.2 Mode Shape/Natural Frequency 

An important view of the characteristics of a wind turbine is obtained by examining the 
mode shapes and natural frequencies of the rotor. For Task 2 the ANSYS-PC/LINEAR (Ref. 
2) computer program was used to predict the mode shapes and natural frequencies. The 
effects of rotational stiffening were included in selected analyses. In addition, the effects of all 
(two or three) blades and the effect of the rotor shaft flexibility were considered. It was not 
possible to include the tower and yaw bearing flexibilities because the free yaw degree of 
freedom causes an analytic singularity in the method used by ANSYS. 
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Table 4.1 -1 PROPSH Inputs for Three-Bladed Rigid Hub Design 

PROPSH Model Used for AOC 15/ 5 0  

Rotor Radius = 7 . 5  m ( 2 4 . 6 1 ft ) 
RPM = 64 
Air Density = 1 . 2 3 kgjm3 ( 0 . 0 0 2 3 7 8  slugsj ft3 ) 
Number O f  Blades = 3 
coning Angle = 5 •  
Hub Radius = 3 05 mm ( 1  ft ) 
Prandtl tip loss and hub loss model s  used 
swirl effects were included 
Advanced brake state model used 
Wind shear , shaft tilt , yaw angle not included 
Viterna post-stall data synthesis used 

Section Properties 

Blade Chord Twist NREL Correction Factor on 
Station (mm) ( deg) Airfoil * Calculated Power* *  

5% 469 6 . 3 0 8 14 3 %  
15% 594 6 . 3 0 8 14 3 8 %  
2 5 %  7 19 6 . 3 0 814 7 4 %  
3 5 %  798 5 . 9 3 8 14 1 0 0 %  
4 5 %  7 3 8  4 . 4 5 8 14 1 0 0 %  
5 5 %  6 7 7  2 . 9 6 8 12 1 0 0 %  
6 5 %  6 1 7  1 . 4 8 8 12 1 0 0 %  
7 5 %  557 0 . 00 8 12 1 0 0 %  
8 5% 497 -1 . 4 8 8 13 1 0 0 %  
9 5 %  4 3 7  -2 . 9 6 8 1 3  1 0 0 %  

All 1 0  segments used i n  analysis 

Pitch = 4 . 3 ·  

* For this model the l i ft coefficient was considered to be 
unchanged from the highest angle of attack tabulated for the 
NREL airfoil to 15 • .  The fol l owing drag coefficients were 
added : 

Angle of Attack ( deg) Drag Coefficient 

1 6 . 0  0 . 10 0  
2 0 . 0  0 . 17 5  
2 5 . 0  0 . 2 7 5  
2 7 . 5  0 . 3 6 3 

**  Because the blade sections near the root wil l  not be true 
8 1 1  airfoi l s ,  a correction factor was appl ied to the sections 
inboard of the maximum chord point . The power output for these 
sections was assumed to be the power calculated by PROPSH 
multipl ied by the correction factor . The correction factor was 
taken to vary l inearly from o at the root to 1 0 0% at the 
maximum chord point . 
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Table 4.1 -2 PROPSH Inputs for Two-Bladed, Teetered Rotor Design 

PROPSH Model Used for 17/ 6 0  

Rotor Radius = 8 . 5  m ( 2 7 . 8 9 ft) 
RPM = 64 
Air Density = 1 . 2 3 kgjm3 ( 0 . 0 0 2 3 7 8  slugsj ft3 ) 
Number O f  Blades = 2 
Coning Angle = 6 °  
Hub Radius = 3 8 1  mm ( 1 . 2 5 ft ) 
Prandtl tip loss and hub loss model s  used 
Swirl effects were included 
Advanced brake state model used 
Wind shear , shaft tilt , yaw angle not included 
Viterna post-stall data synthesis used 

Section Properties 

Blade Chord Twist NREL Correction Factor on 
station (mm) ( deg) Airfoil * Calculated Power** 

5% 5 1 5  6 . 2 8 8 14 2 %  
15% 659 6 . 2 8 8 1 4  37% 
2 5 % 8 0 2  6 . 2 8 8 14 7 2 %  
3 5 %  9 0 0  5 . 9 6 8 14 1 0 0 %  
4 5 %  8 3 2  4 . 4 6 814 100% 
55% 7 64 2 . 9 8 8 12 1 0 0 %  
6 5 %  6 9 5  1 . 4 9 8 1 2  1 0 0 %  
7 5 %  6 2 7  0 . 0 0 8 1 2  1 0 0 %  
8 5 %  559 -1 . 4 9 8 1 3  1 0 0 %  
9 5 %  4 9 1  - 2 . 9 8 813 100% 

All 10 segments used in analys is 

Pitch = 1 . 4 °  

* For this model the l i ft coefficient was cons idered to be 
unchanged from the highest angle of attack tabulated for the 
NREL airfoil to 15 ° .  The fol lowing drag coefficients were 
added : 

Angle of Attack (deg) Drag Coefficient 

1 6 . 0  0 . 1 0 0  
2 0 . 0  0 . 175 
2 5 . 0  0 . 2 75 
2 7 . 5  0 . 3 63 

* *  Because the blade sections near the root will not be true 
8 1 1 airfoil s ,  a correction factor was appl ied to the sections 
inboard of the maximum chord point . The power output for these 
sections was assumed to be the power calculated by PROPSH 
multipl ied by the correction factor . The correction factor was 
taken to vary l inearly from o at the root to 100% at the 
maximum chord point . 
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4.1.3 Yawing Rate Prediction 

Both of the evaluated designs were free yaw machines. Based on observations of the 
Enertech 44/60 machine behavior in the Palm Springs wind power station environment, an 
important machine characteristic is the high rate of yaw. 

At present, the only analytical technique for predicting yaw rate is YAWDYN (Ref. 3). 
YAWDYN has not yet been verified in a wide variety of wind environments. The Enertech 44 
machines and our improved turbine concepts use a blade tip plate as a tip brake. This feature 
is not explicitly modelled in YAWDYN. In addition, the horizontal wind shear and cyclic 
horizontal and vertical yaw of the wind is not defined for the target sites, nor is the coherent 
swirl. Thus, YAWDYN was used only as a relative measure of the yawing rate of a free yaw 
wind turbine. We recognize that there is significant uncertainty in the ability of YAWDYN to 
correctly predict the maximum yawing rate simply because the verifying data (wind speed, 
turbulence, yawing rate, horizontal wind shear, and yaw error) are not available for an 
appropriate range of machines and airfoils. We did compare the E44 yaw rate to the AOC 
1 5/50 for a step change in wind direction. 

For the teetered-hub machine there was no yaw rate predictive capability at the time 
of this Task 2 effort. The then current version of YAWDYN did not properly represent a 
teetered-hub wind turbine. It is our belief that the yaw rates for a teetered-hub machine will 
either be low or can be easily damped to keep them low. This judgment is supported by the 
reported experience from the ESI-80 turbine and general observations of other free-yaw 
teetered-hub machines. Our approach was to design the machine to tolerate the loads of 
service for a rigid hub design and thus obtain a conservative design for a teetered-hub 
machine. 

4.1.4 Rigid Hub Machine Loads 

The effects of blade natural frequency, vertical wind shear, tower shadow, gravity, 
centrifugal force, and wind yawing were predicted by the rigid-hub version of the FlAP program 
(Ref. 4) . This program was used to predict the blade loads and their net effects upon the hub 
and low-speed shaft. The lift and drag coefficients for the SERI advanced airfoils were 
incorporated by FlAP for this analysis. We extended the lift and drag values to cover an angle 
of attack up to 90 degrees. A number of refinements and minor enhancements were added 
to enable the FlAP program to be used more effectively. 

It should be recognized that the current version of FlAP does not include the stiffness 
of the rotor shaft, transmission, yaw bearing, and tower. It is a true rigid rotor computer 
program. It cannot predict the yaw rate. 

It is not known whether FlAP correctly predicts the total loads for a wind condition 
that causes a high yaw rate. In addition, it is actually a single-bladed program and thus it 
merely approximates the effects of a two- or three-bladed rotor. It does have the capability 
of forcing a sinusoidal yawing motion of a given yaw amplitude and given maximum yawing 
rate. The precessional overturning moment loads are correctly predicted. The FlAP code 
does not deal with machine transients such as start-up, shutdown or emergency shutdown. 
We have FlAP to predict the loads during 1 2  blade rotations while the sinusoidal yawing 
occurs. 
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In general, the rigid hub version of FLAP, with some appropriate enhancements, was 
used to predict the blade, hub, and low-speed shaft (LSS) moments and forces. However, the 
precessional overturning moments of high yaw moment absolutely dominate. We did not 
perform the turbulence analyses since the dominant effect in turbulent sites is high yaw 
moment. 

4.1.5 Teetered Hub Machine Loads 

The effects of blade natural frequency, vertical wind shear, tower shadow, gravity, 
centrifugal force, and wind yawing are predicted by the teetered-hub version of the FLAP 
program (Ref. 4). This program was used to predict the blade loads and their net effects 
upon the hub and LSS. The lift and drag coefficients for the NREL advanced airfoils were 
incorporated into FLAP. We extended the lift and drag values to cover an angle of attack up 
to 90 degrees. A number of refinements and minor enhancements were added to enable the 
FLAP program to be used more effectively. 

The limitations of the rigid hub version of FLAP also apply to the teetered version. 
The teetered FLAP program does permit one to model both a teeter spring and a teeter 
damper. In general, if either are very stiff, then approximately rigid loads will occur. If a free 
teeter motion range is provided, and the blade teeter motion exceeds that range, then severe 
blade and LSS loadings can occur due to the teeter stop "impact" that occurs. In general, 
it appears that a successful design will be one in which the teeter motion stays within the 
free travel range provided for all of the machine's operating life. 

We designed the AOC 1 7/60 using the AOC 1 5/50 low-speed shaft even though the 
teetered loads are an order of magnitude less. The ESI observations suggest very low yaw 
rates. We consider this a conservative approach since accurate yaw rates and teeter impacts 
cannot be accurately predicted. We anticipate that fitting aerodynamics to the ADAMS code 
will provide a competent tool for free yaw teetered transient analysis. 

4.1.6 Transient Event Loads 

The transient event loadings, such as start-up, shutdown, emergency shutdown, loss 
of grid, and controller failure are not predicted by the current versions of the FLAP program. 
We have estimated the upper bounds of these loads using hand analyses. For example, the 
maximum torque on the LSS may occur when the generator parking brake is engaged and its 
torque is multiplied by the transmission ratio. This value is well above the torque value 
expected during normal service. It would be highly desirable to evaluate the transient loadings 
during final design. Using first principles of physics we have bounded these loads suitably for 
preliminary design. 

4.1. 7 Seismic Loads 

There are two separate seismic requirements for most wind turbines. They should 
survive the ''frequent" earthquake loadings without any damage, and survive the "infrequent'' 
earthquake loadings, if specified by the owner, without complete collapse. 

The loading severity of the ''frequent" earthquake is typically less than that which results 
from a high yaw rate of the wind turbine. Prior service experience demonstrates that the 
existing tower and machine design can withstand repeated high yaw rate loadings. Thus, the 
loadings associated with a ''frequent'' earthquake are less severe than normal operation in Palm 
Springs during high winds. 
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We believe that the extreme wind load case provides similar or greater loadings than 
would occur during "infrequent" earthquakes. Thus, for preliminary design, the high yaw rate 
loadings of service and the extreme wind speed loadings safely bound the seismic loadings. 

4.1.8 Extreme Wind Loads 

Hand analysis was used to estimate the loads from very high wind speeds (55.9 m/s 
or 1 25 mph). 

4. 1.9 Coupled Tower/LSS/Biade Interactions 

It is possible for response modes of the wind turbine to include coupled tower/blade 
modes. Currently, the FLAP and YAWDYN computer programs do not predict the overall 
response of the machine (they deal only with the rotor in isolation) . While such assessments 
are desirable, they are not mandatory during preliminary design. Efforts will be expended in 
modelling the Task 3 machine using the REXOR (Ref. 5) computer program because it includes 
a simple tower and bedplate representation. 

4.1.10 Teeter Stop Impact Loads 

A valid assessment of the teeter angle restraint loads is important to the assessment 
of a preliminary design of a teetered rotor. The teetered FLAP program predicts such loads 
for steady operation and (approximately) for repeated yaw cycles. While the level of 
verification for the teetered FLAP program is not known, the program does predict loads that 
are consistent with the stated teeter angle and teeter angle rates. Thus, teetered FLAP has 
been used to predict teeter loadings. No teeter restraint load predictive capability is known 
to exist for free yaw teetered machines. 

4.2 Advanced Airfoil Characteristics 

The characteristics of the advanced airfoils as they relate to the evaluation of loads are 
described in this section. 

4.2.1 Steady-State Aerodynamics 

The FLAP, YAWDYN, PROPSH, and REXOR design codes are based on steady-state 
aerodynamic coefficients. The specific aerodynamic lift and drag coefficients used in our 
analyses of the NREL airfoils were provided by Jim Tangier of NREL. The aerodynamic 
coefficients used for the Enertech airfoil were estimated from coefficients of similar airfoils 
combined with input from Mike Zuteck. 

4.2.2 Extended Uft and Drag 

Since the range of operating conditions considered in this task cause high angles of 
attack, additional aerodynamic information was provided by Jim Tangier of NREL. These 
values extended the lift and drag coefficients up to an angle of attack of 90 degrees. Table 
4.2-1 defines the values used in these analyses. 
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TABLE 4.2-1 Lift and Drag Coefficients 

Angle of Attack Degrees Uft Coefficient Drag 

1 6.0 * 

20.0 * 

25.0 * 

27.5 * 

45.0 1 .0 
90.0 .0 

0.1 
0.1 7  
0.275 
0.363 
1 .0 
1 .4 

* The l ; ft coef f ; c ; ent ; s  assumed to vary l ; nearly w ; th ang le of attack from the max;mum va lue 
to the val ue of 1 . 0 at 45 degrees. 

These extended lift and drag coefficients were added to the teetered and rigid hub 
versions of FLAP. For the PROPSH and YAWDYN models of the AOC designs, lift coefficients 
were considered constant from the highest angle of attack tabulated for the NREL airfoil to 1 5  
degrees, and extended drag coefficients were used up to angles of attack of 27.5 degrees. 

4.2.3 Transient Aerodynamics 

The aerodynamic coefficients in Table 4.2-1 reflect field observations. However, they 
do not explicitly model the dynamic coefficients that sometimes occur under transient 
conditions such as emergence from a tower shadow. Field observations indicate that peak 
power levels can reach 1 .4 times those predicted using the extended coefficients. Our 
interpretation is that the use of the extended coefficients is sufficient to predict the maximum 
yaw rates because they depend on the time integral of the aerodynamic forces, not a 
momentary maximum. YAWDYN includes a dynamic stall model. However, the peak power 
levels may exceed those predicted using the extended coefficients. 

4.3 Pitch Setting Selection 

Pitch settings of 3.5 degrees (three-bladed) and 1 .4 degrees (at 75% radial station for 
the two-bladed) were needed to ensure high wind power limiting as well as excellent power 
capture at low wind speeds for the three- and two-bladed designs, respectively. 

In general, the pitch setting used for each computer program to predict machine 
response and loads was selected to limit the stated 26.8 m/s (60 mph) power to values under 
66 kW rather than to use the same numeric value of the pitch setting in each program. It was 
felt that this was the most appropriate means of dealing with program-to-program differences. 
In YAWDYN, the pitch angle used at each wind speed was chosen so that the predicted power 
output (without the effects of yaw) was approximately the same as that predicted by PROPSH 
for the same wind speed. 

4.4 FLAP Mode Shapes 

The number of mode shapes that are included in a FLAP solution has a potentially 
significant effect on the blade load distribution. The rigid hub model can use as many as 
three mode shapes, while the teetered-hub model can use four mode shapes. Our experience 
when using the extended lift and drag coefficients is that it is often not possible to obtain 
program convergence (a converged trim solution) with the full number of mode shapes. It is 
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entirely possible that the program process of choosing improved trim solutions may be 
seriously affected by the nonlinear lift or drag coefficients. We know that in the elastic-plastic 
domain the introduction of the nonlinear stress-strain curve causes problems for some classes 
of solutions. Our experience with the FLAP programs is that only one or two mode shapes 
can be used for the rigid hub version and two or three mode shapes for the teetering hub 
version. Quite often we could not get a converged solution after as many as 1 00 iterations 
when higher mode shapes were invoked. We did observe that the power level prediction was 
essentially independent of the number of invoked modes. We are not sure about the accuracy 
of the blade loads and moments as a function of the number of retained mode shapes. It is 
suggested that a study be made of the convergence process for the FLAP programs to identify 
means of achieving convergence when all mode shapes are utilized. 

4.5 Selection of Design Yawing Rates for Rigid Hub 

We have used the YAWDYN computer program to estimate the yaw-vs-time response 
of the rigid hub free-yaw Enertech 44 and AOC 1 5/50 turbines. 

4.5.1 Enertech 44 Observations 

The field failures of the E44 Turbines clearly point to the precessional loads from high 
yaw rates as a major cause of downtime. Maximum yaw rates of 60 degrees per second were 
measured on an Enertech 44/60 wind turbine at the Palm Springs site. There is no known 
correlation of yaw rates to wind conditions except for wind speed. Tower leg strain 
measurements (which have a direct relationship to the yawing rate) have a nearly linear 
relationship with wind speed for the Enertech 44. That relationship exists up to at least 1 7.9 
meters per second (40 mph). It is not known whether horizontal wind shear or rapid wind 
direction changes are involved in the high yawing rate. 

Operation at other wind turbine sites results in significantly lower yawing rates as 
evidenced by both visual and failure data. The yawing rate of the AOC 1 5/50 and 1 7/60 
designs were determined using the YAWDYN program. 

4.5.2 YAWDYN Calculations 

Our first evaluation was an attempt to duplicate the 60 degrees per second yaw rate 
of the Enertech 44 machine using YAWDYN. The Enertech 44 model that was received from 
Craig Hansen with YAWDYN was not a particularly accurate model of the Enertech machine. 
The model was upgraded with blade properties as obtained from Gougeon Brothers. The 
lift/drag coefficients were extended in a manner similar to that recommended by NREL for the 
advanced wind turbine airfoils. We found that the YAWDYN program would not give 
appropriate yaw rates when a non-rigid blade model was incorporated. All of our runs were 
made using a rigid blade. 

Yaw rates were generated either by imposing a horizontal wind shear or by imposing 
an initial yaw and letting the program predict the subsequent response. 

YAWDYN was run for various combinations of initial yaw angles and horizontal wind 
shear. Using the same values of initial yaw angle and wind shear coefficient, the maximum 
yaw rate was usually, but not always, lower for the AOC 1 5/50 than for the 44/60. The results 
of YAWDYN predictions are summarized in Table 4.5-1 . 
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A maximum yaw rate of 60 degrees per second may occur in the AOC 1 5/50 machine when 
exposed to severe wind conditions and when no external yaw damping is imposed. The low
speed shaft design requires that the maximum yawing rate be limited to 50 degrees per 
second. Therefore, 50 degrees per second is the design yawing rate limit for the rigid hub 
machine. 

Table 4.5-1 YAWDYN Predictions 

Results from YAWDYN for E44 and AOC 1 5/50 

Wind Initial Horizontal Peak Yaw Rate 
Speed Yaw Wind (degj sec)  

Error Shear 
mjs mph (deg) E44 1 5/ 5 0  

8 . 94 2 0  62 . 68 0 6 0 . 00 5 5 . 02 

8 . 94 2 0  9 . 7 5 1 6 0 . 00 5 2 . 7 3 

8 . 94 2 0  0 1 . 2 5 9  59 . 99 5 2 . 9 3 

13 . 4 1 3 0  66 . 44 0 6 0 . 00 4 4 . 2 6 

13 . 4 1 3 0  2 0 . 53 1 6 0 . 00 5 6 . 5 3 

13 . 4 1 3 0  0 1 . 3 7 2  6 0 . 01 5 6 . 3 4 

17 . 88 4 0  60 . 2 2 0 6 0 . 00 5 8 . 54 

17 . 88 4 0  2 4 . 8 7 1 6 0 . 0 1  5 2 . 34 

17 . 8 8 4 0  0 1 . 3 1 0  6 0 . 02 5 0 . 7 3 

2 2 . 3 5 5 0  4 6 . 60 0 6 0 . 00 5 5 . 4 0 

2 2 . 3 5 50 2 1 . 13 1 6 0 . 00 5 9 . 2 3 

2 2 . 3 5 5 0  0 1 . 2 5 4  6 0 . 0 1  5 2 . 94 

2 4 . 58 55 48 . 16 0 6 0 . 00 5 5 . 18 

2 4 . 58 55 14 . 9 6 1 6 0 . 00 6 2 . 12 

2 4 . 58 55 0 1 . 2 04 6 0 . 0 1  5 5 . 2 1 

2 6 . 82 6 0  5 0 . 08 0 6 0 . 0 1  5 5 . 47 

2 6 . 82 6 0  7 . 66 1 6 0 . 00 6 1 . 2 6 

2 6 . 82 60 0 1 . 13 7  60 . 0 1 5 7 . 52 
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4.6 Selection of Design Yawing Rates - Teetered Hub 

As noted above, the current version of YAWDYN is not applicable to teetering rotors. 
Thus an analytic technique is not available for predicting the design yawing rates of the 
teetered hub machine. However, it is well known that teetering a rotor will damp the yaw 
oscillations. The observations of the two-bladed teetered hub ESI-80 behavior support a peak 
yawing rate of 1 0 degrees per second for design purposes. 

At a yawing rate of 1 0 degrees per second the blade root will experience a maximum 
bending moment of 1 3,560 N-m (1 0,000 ft lbs) while the low-speed shaft will experience a 
maximum bending moment of about 8,1 36 N-m (6,000 ft lbs). The teeter hinge allows blade 
teetering inertia to relieve the low-speed shaft of much of the bending moments due to yawing 
and wind shear. 

We have assumed that the AOC 1 7-meter teetered rotor will not yaw faster than 1 0  
degrees per second based on the ESI-80 data. Thus, it can generally be concluded that if 
the low-speed shaft and other mechanical components downstream of the low-speed shaft 
are designed to accommodate the loads associated with rigid hub operation, they will be 
more than sufficient for teetered hub use. The only exception is that a severe teeter impact 
load could be design limiting for some components. Because the 1 0 degree per second 
maximum yawing rate is an assumption it would be appropriate to verify the assumption 
through prototype testing. 

It is recognized that the teeter damper and stops must be carefully designed to avoid 
severe teeter stop impacts. Much of the difficulty in the design of a teetered machine is 
accommodating the teeter motion (in the bearings) and gently restricting teeter motion when 
it exceeds appropriate limits. 

4.7 Rigid Hub Load Cases 

Table 4.7-1 identifies most of the potentially limiting loading conditions for each region 
of the two wind turbine designs. We have examined the extreme wind and the yawing rate 
load cases. We believe that, in general, they will define the design at most locations. Note 
that some of the loads, such as the extreme wind load, are of concern only from the viewpoint 
of tensile failure due to a single load application. Other loads, such as the yawing loads, could 
cause either tensile failure (T) or fatigue (F) due to the number of their occurrences. 

A FLAP analysis of the rigid hub AOC 1 5/50 was performed for 22.4 and 26.8 m/s (50 
and 60 mph) winds. A trim solution was first performed followed by 1 2  cycles of yawing ± 20 
degrees from zero yaw. Yaw angles greater than 20 degrees were not used because FLAP 
does not account for large yaw angles. Analyses were performed at 30, 50, and 60 degrees 
per second maximum yaw rates. The LSS loads provided by FLAP were then post processed 
to predict the resulting loads at each point of interest along the LSS. 

Figure 4. 7-1 displays the three forces and moments in the LSS at the hub for one 
blade revolution of the AOC 1 5/50 Turbine. The forces and moments are given in rotating 
shaft coordinates for this trim solution. These forces and moments include the effects of a 
50 degree per second yaw rate in a 26.8 m/s (60 mph) wind with a three-lobed tower shadow. 
Note the large magnitude of the MX and MZ bending moments, which are primarily due to the 
high yaw rate. In contrast, the MY moment, the power producing torque, is constant. 
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Table 4.7-1 KEY LOADS SUMMARY 

RIGID HUB TEETERED HUB 

Component Load Type Failure Mode Load Type 

Blade Tip Extreme Wind T Extreme Wind 
Gusts and Turbulence F Gusts and Turbulence 
Yawing T,F Yawing 
Tip Brake Deployment T,F Tip Brake Deployment 

Blade Extreme Wind T Extreme Wind 
Gusts and Turbulence F Gusts and Turbulence 
Yawing T,F Yawing 
Tip Brake Deployment T,F Tip Brake Deployment 

T,F Teeter Stop Impact 

Blade Root Extreme Wind T Extreme Wind 
Gusts and Turbulence T,F Gusts and Turbulence 
Yawing T,F Yawing 
Tip Brake Deployment T,F Tip Brake Deployment 

T,F Teeter Stop Impact 
Parking Brake T,F Parking Brake 

Hub Extreme Wind T Extreme Wind 
Gusts and Turbulence T,F Gusts and Turbulence 
Yawing T,F Yawing 
Tip Brake Deployment T,F Tip Brake Deployment 

T,F Teeter Stop Impact 
Parking Brake T,F Parking Brake 

LSS Extreme Wind T Extreme Wind 
Gusts and Turbulence T,F Gusts and Turbulence 
Yawing T,F Yawing 
Tip Brake Deployment T,F Tip Brake Deployment 

T,F Teeter Stop Impact 
Parking Brake T,F Parking Brake 

Transmission Extreme Wind T Extreme Wind 
Gusts and Turbulence T,F Gusts and Turbulence 
Yawing T,F Yawing 
Tip Brake Deployment T,F Tip Brake Deployment 

T,F Teeter Stop Impact 
Parking Brake T,F Parking Brake 

Generator High Wind T,F High Wind 
Dynamic Brake T,F Dynamic Brake 
Startup F Startup 

1 0 0  



KEY LOADS SUMMARY (Continued) 

RIGID HUB TEETERED HUB 

Component Load Type Failure Mode Load Type 

Yaw Bearing Extreme Wind T Extreme Wind 
Yawing T,F Yawing 

T,F Teeter Stop Impact 
Seismic T Seismic 

Top of Tower Extreme Wind T Extreme Wind 
Plate Yawing T,F Yawing 

T,F Teeter Stop Impact 
Seismic T Seismic 

Top of Tower Extreme Wind T Extreme Wind 
Legs Yawing T,F Yawing 

T,F Teeter Stop Impact 
Seismic T Seismic 

Tower Leg Extreme Wind T Extreme Wind 
Bottom Gusts and Turbulence T,F Gusts and Turbulence 

Yawing T,F Yawing 
T,F Teeter Stop Impact 

Seismic T Seismic 

Foundation Extreme Wind T Extreme Wind 
Gusts and Turbulence T,F Gusts and Turbulence 
Yawing T,F Yawing 

T,F Teeter Stop Impact 
Seismic T Seismic 

It is not possible to reduce the loads at each of over 2000 points in time to a single 
load number that meaningfully represents the structural effect. Based on our knowledge of 
the Enertech failures and the expected effect of the high yaw rates (precessional overturning 
moments), it was decided to directly assess the fatigue adequacy of the LSS for the several 
possible operating conditions. The load vs time history at the points of potential fatigue failure 
in the LSS were transformed to peak stress values using the peak elastic stress concentration 
factors for the local geometry. Note that the stress concentration factors were applied 
individually to each stress component. Thus, a stress-time history was created for the key 
point on the LSS. The stress-time history was then swept to identify turning points. A rigorous 
rainflow fatigue analysis was then performed, and a maximum allowable time of operation at 
that load level was predicted. The fatigue limit employed in this analysis was based on open 
literature fatigue data of AISI-4340 steel. A Peterson Cubic mean stress correction was used 
to correct for mean stress. A design factor of two was applied to account for size effects, 
surface finish, mild environmental effects, load ordering, and data scatter effects. The fatigue 
curve used has a definite endurance limit when periodic overstrains (beyond the proportional 
limit) do not occur. At yaw rates of 60 degrees per second the maximum LSS moment was 
about 37,968 N-m (28,000 ft lbs) , and a number of the stress cycles were above the endurance 
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limit. The allowable lifetime was about 1 00 hours. When the yaw rate was reduced to 50 
degrees per second the LSS moment was reduced about 1 6% and all fatigue cycles were 
below the endurance limit; the allowable lifetime was unlimited. The local maximum stress 
amplitude was below the 227.5 MPa (33,000 psi) design endurance limit. 

Note that the LSS design that is employed in the AOC 1 5/50 has increased diameters 
at key locations as compared to the Enertech design. 

A structural and fatigue analysis of the tower top plate is provided in Appendix I. 

4. 7.1 Vertical Wind Shear 

The design loads are based on a vertical wind shear coefficient of 0.1 4. 

4. 7.2 Tower Shadow 

The design loads are based on a FLAP tower shadow wind speed offset coefficient of 
0.1 . 

4. 7.3 Operating at Yaw 

The highest yaw rates probably occur at nearly zero net yaw, since the yaw rate 
decreases when the yaw changes sign. Our design loads are based on a zero mean yaw 
angle. 

4. 7.4 Yawing 

A 50-degree per second maximum yaw rate together with a yaw amplitude of 20 
degrees was used for the rigid hub machine design load. The 50 degrees per second yawing 
rate becomes an overturning moment of 40,680 N-m (30,000 ft lbs) at the top of the tower. 
A bending moment of 1 35,600 N-m (1 00,000 ft lbs) occurs at the base of the tower due to 
rotor drag. The maximum LSS bending moment is approximately 40,680 N-m (30,000 ft lbs) . 

The teetered hub design loads are based on a 1 0-degree per second maximum yaw 
rate with a yaw amplitude of 20 degrees. 

4. 7.5 Extreme Winds 

The extreme wind loads are based on a hub height wind speed of 55.9 m/s (1 25 mph). 

4. 7.6 Yaw Damping 

Our preliminary analysis of the LSS capability suggests that the rigid hub yawing rate 
should be kept below 50 degrees per second. If prototype tests at active wind sites result 
in yaw rates above 50 degrees per second, then yaw damping should be employed to restrict 
the maximum yaw rate. As discussed in Section 3.9 we have developed a conceptual design 
of a yaw damper that can be used at sites with high yaw rates. It is presumed that yaw 
damping will not be required for the teetered hub design. 
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4.8 Teetering Load Cases 

A FLAP analysis of the AOC 1 7/60 teetered hub design in wind speeds of 26.82 m/s 
(60 mph) was performed for 1 2  simulated yaw cycles of ± 20 degrees at a maximum yaw rate 
of 1 0 degrees per second. A free teeter angle of ± 1 0 degrees was used. The analysis 
predicted that the teeter angle under these conditions would exceed the 1 0-degree limit. This 
means that teeter stop bumping would occur and could generate substantial blade and 
machine loads. It is our belief that the assumption of 1 0 degrees per second with a range of 
plus or minus 20 degrees is excessively conservative. We believe that prototype testing or the 
use of more advanced free yaw aeroelastic analysis would demonstrate that the 1 0 degree 
teeter amplitude is sufficient for virtually all applications. 

Figure 4.7-2 displays the forces and moments in the LSS at the hub during one blade 
revolution of the AOC 1 7/60 Turbine in a 26.82 m (60 mph) wind. The forces and moments 
are given in rotating shaft coordinates for this trim solution. These forces and moments include 
the effects of a 1 0-degree-per-second yaw rate in a 26.82 m (60 mph) wind with a three-lobec: 
tower shadow. Note the small magnitudes of the LSS bending moments, MS and MZ. Also 
compare the maximum LSS bending moment in this case, less than 1 ,356 N-m (1 ,000 ft lbs) , 
to the maximum LSS bending moment of the rigid hub design, 27,1 20 N-m (20,000 ft lbs) . This 
shows the benefit of a reduced yaw rate together with the reduced bending due to the 
teetering effect. 

4.8. 1 Tower Shadow 

A FLAP coefficient of 0.1 was used for tower shadow, which is reasonable for 
preliminary analysis. 

4.8.2 Yawing 

We expect that the maximum yaw rate for the teetered hub machine will not exceed 
1 0 degrees per second. As was noted above, the LSS and downstream items were designed 
using the rigid hub loads since they are more severe than the loads for the teetering hub 
machine. Yaw damping is not needed for the downwind teetered hub wind turbine, although 
further confirmation is required. 

4.8.3 Extreme Winds 

Since the three-bladed rigid hub design has greater projected area that the two-bladed 
design, the three-bladed design will impart greater extreme wind loads on the LSS and balance 
of the structure. The only exception is the blade-to-hub attachment, where the two-bladed 
design will impose greater loads since a single teetered blade is bigger than a single rigid hub 
blade. The loads themselves are simply calculated using a drag coefficient of 1 .4 and the 
projected area. 

4.8.4 Startup/Shutdown 

We are aware of the need to restrict teeter motion during low rpm operation to avoid 
teeter/yaw instability. 
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4.8.5 Braking 

The same requirement exists for shaft-to-hub torque transmittal capability as in the rigid 
hub machine. The most severe load will occur during emergency braking when the mechanical 
brake torque is multiplied by the transmission ratio. 

4.8.6 Teeter Springs and Damping 

When a full teeter/yaw prediction capability is available, the teeter range, springing, 
and damping rates need to be optimized. 

4.9 Turbulence Effects 

Turbulence has not been directly considered in these loadings except to the extent 
that (a) the 1 .4 factor on instantaneous power and (b) the use of the 50 degrees per second 
yawing rate reflect turbulence. For design purposes the gyroscopic loads are significantly more 
important than those resulting from the effects of turbulence. Based on the service experience 
of the Enertech wind turbines we believe that we addressed the loads that affected the 
availability of this type wind turbine. 

4.1 0  Tower/Foundation Loadings 

For the design of the tower and foundation, the extreme wind loadings were calculated 
based on EIA/TIA Standard 222-E (Ref. 6). The design condition was a wind speed of 48.3 
m/s (1 08 mph) at a height of 1 0.0 m (33 ft) with no icing. Using a one-seventh power rule, this 
gives a hub-height wind speed of 55 m/s (1 23 mph) .  Loads on the blades were calculated 
using a force coefficient of 1 .56 and a gust response factor of 1 . 1 8. The loads on the tower 
were calculated using the formulas in EIA/TIA-222-E. 

4.1 1 Mode Shapes/Natural Frequencies 

Tables 4.1 1 -1 and 4.1 1 -2 contain a summary of the mode shapes and natural 
frequencies of the blade/hub assembly for each of the two candidate designs which were 
calculated using ANSYS-PC/LINEAR. This data can be used to sharpen the accuracy of the 
FLAP model in final analysis. They also identify where natural frequencies lie with respect to 
the excitation frequencies of 1 P, 2P, etc. Wherever the natural frequency of the structure 
closely approaches the excitation frequencies, harmonic loads of significant magnitude may 
occur. 

Note that the two-bladed (Blade 1 1 )  model includes both symmetric and antisymmetric 
flapping modes. The antisymmetric modes will not occur whenever free teetering is allowed. 

Also note that the lowest frequency for the three-bladed rigid hub design is the 
synchronous 1 st chordal mode in which the torsion of the LSS is the major feature. Without 
performing an analysis that includes the hub and LSS, one would not know about this lower
frequency mode. 

As previously noted, the models currently do not include the transmission, generator, 
yaw bearing, tower top plate, and tower. It will be important to perform more complete model 
analyses during final design which include the essential features of the items that have not yet 
been assessed such as the transmission and generator. If possible, the tower stiffness should 
be considered. 
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Table 4 . 1 1 - 1  

THREE�BLADE D ,  RIGID HUB MODE SHAPES/NATURAL FREQUENCIES 

MODE NATURA L p MODE 

NUMBER FREQ . - CPS RAT I O  DESCRIPTION 

1 3 . 3 3 3 . 1 2 1 s t CHORD , 3 BLADES I N  SYNCH 

2 3 . 6 3 3 . 4 0 1 st FLAP , 2 BLADES OPPOSE 

3 3 . 6 4 3 . 4 1 1 s t  FLAP , 2 BLADES O PPOS E 

4 4 . 0 9 3 . 8 3 1 st FLAP , 3 BLADES I N  S YNCH 

5 8 . 7 1  8 . 1 7 1 s t  CHORD , 2 vs 1 

6 8 . 7 1  8 . 1 7 1 st CHORD , 2 vs 1 

7 1 2 . 1 4 1 1 . 3 8 2 nd FLAP , 

8 1 2 . 1 4 1 1 . 3 8 2 nd FLAP , 

9 1 3 . 8 0 1 2 . 9 4 2 nd FLAP , 

10 3 0 . 5 1  2 8 . 6 0 

MODEL INCLUDES THREE B LADES AN D LS S 
CENTRI FUGAL STI FFENING I N C LUDED 
BAS I C  HODEL: BLADE9 
ROTATION S PEED 64 RPH 
1 6  LB TI P BRAKE INCLU DE D  
CONING : 6 DEGREES 
REFERENCE : BLADE9 . ANS 5 - 2 7 - 9 1  1 0 : 4 5 M1 
REFERENCE : BLADE9 . RE S  5 - 2 7 - 9 1 1 0 : 4 9 M1 

Tabl e 4 . 1 1 - 2  

2 VS 1 
2 VS 1 
3 BLADES I N  S YNCH 

TWO-BLADED , TEETERED HUB MODE SHAPES/NATURAL FREQUENCIES 

MODE NATURAL p HODE 
NUMBER FREQ . - CPS RAT I O  DES CRIPTION 

1 3 . 1 3 2 . 9 3 1st FLAP , ANTISYHHETRIC 
2 3 . 3 1 3 . 1 0 1st CHORD , S YHHETR I C  
3 3 . 7 2 3 . 4 9  1 st FLAP , S YHHETRIC 

4 7 . 4 9 7 . 0 2 1st CHORD , ANTISYHHETRI C  
5 1 0 . 8 9 1 0 . 2 1 2 nd FLAP , ANTISYMMETR I C  
6 1 2 . 9 4 1 2 . 1 3 2nd FLAP , S YHHETRIC 
7 2 7 . 17 2 5 . 4 7 3 rd FLAP , ANTISYHHETRIC 
8 3 1 . 3 8 2 9 . 4 2 3 rd FLAP , S YHHETRIC 
9 3 2 . 5 2 3 0 . 4 9 2nd CHORD , S YHHETRI C  

1 0  3 7 . 0 0 3 4 . 6 9  2nd CHORD , ANTISYHHETRIC 

MODEL INCLUDES THREE BLADES AND LS S 
CENTRIFUGAL STI FFENING I NCLUDED 
BAS IC MODE L :  BLADE l l  
ROTATION SPEED 6 4  RPM 
1 6  LB TIP BRAKE INCLUDED 
CONING : 6 DEGREE S  
REFERENCE : BLADE l l . ANS 6 - 3 - 9 1 1 1 : 4 4 M1 
REFERENCE : BLADE l l . RES 6 - 3 - 9 1 1 1 : 5 5 M1 
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4.1 2 Critical Loads Conclusions 

The critical load cases for the rigid hub machine are: 

Maximum yawing rate 
Extreme wind (machine is shut down) 
Application of parking brake. 

The critical load cases for the teetered hub machine are: 

Maximum yawing rate 
Low rpm operation - teeter/yaw instability 
Extreme wind (machine is shut down) 
Application of parking brake. 

Except for severe teeter stop impact cases, the loads of the rigid hub design exceed 
those of the teetered hub design. 

Loads References 

1 "A Horizontal Axis Wind Turbine Performance Prediction Code for Personal 
Computers," James L. Tangier, Solar Energy Research Institute, January 1 987. 

2 "ANSYS-PC/LINEAR Reference Manual for Version 4.4," Swanson Analysis 
Systems, Inc., Houston, PA, November 2, 1 989. 

3 "User's Guide to the Yaw Dynamics Computer Program YAWDYN," A. C. Hansen 
and X. Cui, August, 1 990. - Prepared for NREL 

4 "FLAP Code Development and Validation," A. D. Wright, M. L. Buhl, and R. W. 
Thresher, SERiffR-21 7-31 25, Solar Energy Research Institute, Golden, Colorado, 
January 1 988. 

5 "REXOR II ," Transient Dynamic Analysis Program. 
6 "Structural Standards for Steel Antenna Towers and Antenna Supporting 

Structures," EIA!fiA-222-E, Electronic Industries Association, March 1 991 . 
7. "NREL/Seawest Enertech Modal Survey", R.M. Osgood, B.S. Smith, Windpower 

'90, September, 1 990. 
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5.0 Preliminary Component/Subsystem Design 

This section identifies the features associated with each major component of the AOC 
1 5/50 wind turbine. 

5.1 Rotor 

The rotor design is a direct result of the rotor trade-off analysis. For the reasons 
mentioned in the discussion of that study, we have selected a three-bladed, wood/epoxy, rigid
hub rotor with a diameter of 1 5  meters (49.2 feet). 

In choosing the blade shape to be used for these designs, a number of blade 
configurations were considered. Each blade shape was evaluated by the following 
methodology: 

• The root chord, maximum chord, and tip chord were chosen. The chord 
distribution was assumed to vary l inearly between theses three defined points. 

• The blade twist was selected. The twist was assumed to be linear over the 
portion of the blade outboard of the maximum chord section. The inner blade 
section was assumed to be untwisted. 

• A rotor speed was chosen. Generally several rotor speeds were tried for each 
blade shape to determine which gave the greatest annual energy output. 

• The power curve was calculated at various pitch settings to determine the pitch 
setting which resulted in a peak power of 66 kW with the correction for drivetrain 
efficiency. 

• The annual energy output for the combination of blade shape, rotor speed, and 
pitch setting was calculated for a selected wind speed distribution. 

Table 5.1 -1 shows the results for some of the blades that were considered. The airfoils 
used for these preliminary calculations were NREL thick series airfoils However, at some 
stations on the blade, these were not the actual airfoils used in the final design. 

The choice of the airfoil for the 1 5/50 was based partly on the annual energy 
calculations, but other factors were considered as well. It was considered desirable to keep 
rotor speed relatively low to reduce the possibility of unacceptable noise and load levels from 
the rotor. Slightly higher energy output could be achieved by using blades with larger chords 
than those chosen. However, using larger chord blades would result in increased aerodynamic 
loads on the rotor in high winds with the rotor stopped and could increase the blade weight 
and cost. The twist and chord distribution was partly limited by manufacturing considerations. 
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Table 5.1 -1 
Annual Energy Output for 1 5/50 Rotor Configurations 

T i p  I Confi gurat i on I RPM I Number I Root I Maxi nun 
Chord Chord Chord 

I I I 
nm i n  j nm i n  nm i n  

I 1 66 1 457 18 1 737 29 268 1 4 . 5 1 
I 2 66 457 1 8  762 30 381 1 5  

I 3 1 60 1 457 1 8  813 32 406 1 6  
i l 4 61 457 1 8  813 32 406 1 6  

I 5 I 62 I 457 1 8  8 1 3  32 406 1 6  
i 

I 6 63 457 1 8  813 32 406 1 6  

I 7 1 64 457 1 8  813 32 1 406 1 6  

I 8 64 . 1  457 1 8  8 1 3  32 406 1 6  

I 9 I 64 . 2  1 457 18 1 813 32 1 4o6 16 1 
I 1 0  64 . 3  457 1 8  8 1 3  32 406 1 6  

1 1  1 64 . 4  1 457 18 1 813 32 1 406 16 1 
1 2  

1 3  3 2  1 406 16 I I 
1 4  406 1 6  

1 5  I 64 . 8  1 457 18 1 813 32 1 406 1 6  

1 6  406 1 6  

1 7  1 66 1 457 18 1 813 32 1 406 16 I 
1 8  1 60 1 457 18 1 813 32 1 457 18 1 
1 9  1 6 1  1 457 18 1 813 32 1 457 18 1 
20 1 62 1 457 18 1 813 32 1 457 1 8  1 
21 I 62. 6  1 457 18 1 813 32 1 457 1 8  1 
22 

23 I 62 . 8  1 457 18 1 813 32 1 457 18 1 
24 

25 1 63 1 457 18 1 813 32 1 457 1 8  I 
26 

I 27 1 6o 1 483 1 9  I 813 32 1 457 1 8  1 I I I I I I 28 I 60 I 483 19 I 813 32 I 457 18 I I 29 1 6o 1 483 1 9  1 813 32 1 457 18 1 i i 

I 30 i 60 1 457 18 1 813 32 1 508 20 i 
1 1 0 

Twist Pi tch I Peak 
at 75% Power 
Radius I 

(deg) (deg) ( kW) 

10 4 . 4  66 . 0  

1 0  4 . 0  66 . 0  

1 0  5 . 6  1 60 .2 
i 

1 0  5 . 5  63 . 0  

1 0  I 5 . 5  I 65 . 8  

1 0  4 . 9  66 . 0  

1 0  I 4 . 3  1 66 . o  

1 0  4 . 3  66 . 0  

1 0  I 4 . 2  66 . 0  

1 0  4 . 1  66 . 0  

1 0  4 . 1  1 66 . o  

4 . 0  66 . 0  

1 0  4 . 0  66 . 0  

1 0  66 . 0  

1 0  3 . 9  1 66 . o  

1 0  66 . 0  

1 0  3 . 2  1 66 . o  

1 0  5 . 7  1 64 . 3  

1 0  5 . 4  1 66 . o  

1 0  4 . 8  1 66 . 0  

1 0  4 . 5  1 66 . o  

1 0  4 . 4  

1 0  4 . 4  1 66 . o  

1 0  4 . 3  

1 0  4 . 2  1 66 . o  

66 . 0  

5 .6 1 5 .8 1 65 . o  
I I 

8 I 5 .8 I 64 . 9  

1 0  I 5 . 7  64 . 2  

1 0  I 5 .3 66 . 0  

Annua l I Energy 
Output I ( kWh) 

1 63 , 1 oo 1 
1 64 , 900 1 
155 , 7oo I 
1 58,600 1 

I 161 , 6oo I 
164, 000 1 

I 165 , 5oo 1 
1 65 , 600 1 
1 65 , 700 i 
1 65 , 800 1 
1 65 , 8oo 1 

166, 000 I 
1 66 , 000 

166, 1 00 

166, 1 00 

I 1 65 , 7oo 1 

I 159,900 1 
I 1 62 , 1oo 1 

I 1 64 , 700 1 
I 1 65 , 500 

165 , 600 

1 65 , 6oo 1 

1 1 65 , 8oo 1 
1 65 , 800 

1 58,soo 1 
I 

1 59,900 I 
160, 000 

163,300 



Table 5 . 1-1 ( cont . ) 
Annual Energy Output for 15/50 Rotor Configurations 

I Confi guration I RPM I Root Max i mum  I T i p  I Twi st I Pi tch I Peak I Annua l I I Nl.lllber 

I 31 

32 

33 

34 

35 

36 

I 37 

I 38 

I 39 

I 40 

I 41 

42 

43 

44 

45 

46 

47 

48 

I 49 

50 

I I Chord Chor� I Chor� I I at 75% I Power I Energy I I l mn 
62 1 457 
60 457 

63 457 

60 457 

1 62 1 457 
1 457 

1 6o 1 457 
i 

62 1 457 
60 1 457 

60.8 1 457 
1 60.9 1 457 

1 61 . 1  457 

1 61 .2 457 

I 62 1 457 I 58 I 457 
60 457 

61 457 

1 6o 1 457 

i n  mn 1 n  mn 1 n  (deg) I Radius I I output 
(deg) ( kW) ( kWh ) I 

18 813 

18 864 

18 864 

18 864 

1s 1 864 

18 1 864 

1s 1 864 
i 

1s 1 914 

1s 1 914 
18 1 914 
1s 1 914 
18 1 914 

1s 1 914 
18 1 914 

I 
1s 1 914 

18 I 965 
18 965 

18 965 

18 1 1 016 

32 1 5os 20 1 

34 1 406 16 

34 1 406 16 

34 I 457 18 
I I 

34 1 457 1s 1 
34 , 457 18 1 
34 1 5os 

i 
20 1 

i 
36 406 16 

36 1 457 1s 1 
36 457 18 

36 457 18 

1 0  

1 0 

1 0 

1 0  

1 0 

13 

1 0 

1 0 

1 0 

1 0 

1 0 

I 3 .8 1 66.o 164,2oo 1 
i 

5 .6 1 62.4 159, 1 00 1 
4.5 1 66.o 166,2oo 1 
5.6 I 66.o 163 , 1oo I 
4.4 I 66.0 I 166,400 I 

I 

4 .4 1 66.0 1 166,600 1 
4.8 1 66.o 1 165,ooo 

4.6 1 66.0 1 166,800 

5 . 1  1 66.o 1 165,4oo 1 
4.7 1 66.0 1 166,800 
4.7 1 66.o I 166,900 I 

36 1 457 18 1 1 0 1 4.6 1 66.0 1 167,000 1 
36 1 457 1s 1 1 0 1 4.6 66.o 1 167, 1oo 

36 1 457 18 1 1 0 1 4.5 66.0 1 167,200 

I I 

I 
36 1 457 

38 I 457 
I 1s I 1 0 1 4.o 1 66.o 1 167,4oo 1 

18 I 1 0 I 5.8 I 66.0 1 163, 100 I 
38 457 18 10 I 4.8 I 66.o 167,200 

38 457 18 10 I 4.3 1 66.0 168, 100 

40 406 16 1 1 0 I 4.9 1 66.o I 167,ooo 1 I 61 I 457 18 1 1 016 40 I 406 16 I 10 I 4.5 I 66.0 I 168,400 I 
A sketch of the blade planform and selected sections are shown in Figure 5.1 -1 . At the 

tip, the blade chord is 406.4 mm (1 6 in) .  From here the planform tapers linearly to a maximum 
chord of 749 mm (29.5 in) at a radius of 2.9 m (9.6 ft) , then the blade tapers down to the hub 
where the root chord measures 457.2 mm (1 8 in). The overall area of each blade is 4.4 m2 
(48 sq ft) resulting in a solidity (or percentage of the total rotor swept area) of 0.077 for this 
three-bladed design. This is configuration number 7 in Table 5.1 -1 . 

The selected airfoil is the NREL thick series, which shows great promise as an efficient 
energy producer while, at the same time, minimizing peak output from gusts and reducing 
losses from soiled blades. In our design we have chosen a twist of 1 0 degrees distributed 
linearly from the tip to the maximum chord point. Manufacturing constraints may dictate a 
reduction in twist to perhaps 7 degrees, but this will have very little effect on overall 
performance. Figure 5.1 -2 is a perspective view of the AOC 1 5/50 blade. 
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The blades themselves are wood/epoxy using the Gougeon manufacturing process 
and successfully employed on the E44 blade. The data base gathered in Task 1 showed the 
E44 rotor assembly to be extremely reliable. It seems wise, therefore, to stay with this same 
basic architecture. 

The hub assembly is patterned closely after the E44 design with a cast steel central hub 
piece and three blade root adapters bolted onto it. This allows field adjustment of blade pitch 
(±3°), a feature that we consider important to provide for fine tuning turbines based on local 
conditions. 

5.2 Gearbox 

In concept, the gearbox assembly is very similar to the E44 which employs a planetary 
speed increaser with the rotor attached directly to the low-speed shaft. 

The major difference, however, in the proposed AOC 1 5/50 gearbox as compared to 
the original design is in the outer housing. In the new design, the cast gearbox housing has 
been reconfigured to act as the main structural element of the turbine that replaces the welded 
steel main frame used in the original design. It simplifies the load path from the rotor to the 
tower. This new design provides several benefits. First, it is a way of addressing the structural 
shortcomings of the E44 main frame, which suffered from cracking at high turbulence sites. 
The new design avoids the severe stress concentrations of the E44 where cracking was 
observed. Second, the new design saves weight and cost by eliminating the main frame 
weldment assembly altogether. The new cast housing, shown in Figure 5.2-1 , allows the use 
of a larger yaw bearing capable of operating at higher loads. 

As a part of the new gearbox design, we increased the low-speed shaft diameter from 
1 1 7.5 mm (4-5/8 in.) to 1 49.2 mm (5-7/8 in.) thus nearly doubling the strength of this critical 
load-carrying member. The high stress concentration associated with the hub/shaft keyway has 
been removed. These improvements directly address a field-observed shaft cracking problem 
while at the same time we are significantly reducing the major design load. 

Finally, we have added an external filtration pump to the gearbox in order to increase 
gearbox life and to increase the time between oil changes. Also, lower acoustic emissions 
should result from grinding the gears to improve the accuracy of the gear teeth. Fairfield 
Manufacturing Company of Lafayette, Indiana, the manufacturer of the majority of E44 
transmissions, has worked closely with us on the design of this new integrated gearbox and 
they will likely produce this unit for the AOC 1 5/50. 

5.3 Generator/Parking Brake Specification 

The specifications for the 66 kW induction generator are shown in Table 5.3-1 . This is 
a totally enclosed high-efficiency machine. It is directly mounted to the reactor plate at the 
high-speed end of the transmission housing with a splined rotor shaft. The nominal machine 
characteristics are shown in Table 5.3-2. 

A 31 2 N-m (230 ft lbs) disc brake is mounted on the end of the generator. This brake 
is designed as a parking brake to stop the rotor at low rpms. Its maximum torque is designed 
to hold the rotor stationary under high-wind shutdown conditions. The operation of the parking 
brake is controlled from the central processing unit (CPU). It is a fail-safe mechanism in the 
sense that it operates on loss of power. The operation of the brake will be coordinated with 
the tip brakes and dynamic brake to prevent burn out of the parking brake discs under, for 
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example, utility outages. The parking brake is designed for low rpm application. 

A twist cable carrying power and control lines similar to that used for the E44 will be 
routed through the yaw bearing with the option of a quick disconnect at the tower base to 
facilitate service operations. The twist cable eliminates the need for slip rings at the yaw 
interface. 

TABLE 5 . 3- 1  

INDUCTION GENERATOR SPECIFICATIONS 

6 6  kW full load , service factor 1 . 15 
4 8 0  V , 3 phase , 60 Hz 

3 6 5  TC TEAO frame 
epoxy winding treatment 
dynamic balance to 150% 

class F insulation 
high efficiency 

1800 rpm 
footless 

option : space heaters for damp cl imatic conditions 

TABLE 5 . 3-2 

INDUCTION GENERATOR NOMINAL CHARACTERISTICS 

ful l  load rpm 
ful l  l oad amps 
locked rotor amps 
locked rotor torque 
breakdown torque 

1/2 l oad 
3/ 4 load 
ful l  l oad 

5.4 Yaw Bearing{fower Top{fower 

Efficiency 
9 4 . 6% 
94 . 7 % 
94 . 1% 

1 8 2 5  
8 6  

515 
145% 
2 60% 

Power Factor 
72 . 9% 
8 0 . 7% 
84 . 4 % 

The yaw bearing is a turntable bearing with internal gear teeth. This bearing has the 
proper dimensions to mate with the integrated gearbox housing. The reference moment load 
rating for this bearing is 21 5,875 N-m {1 59,200 ft lbs) , well in excess of the maximum loading 
expected. The bearing will have an internal gear to be used with a yaw damper, if required. 
A yaw lock will be incorporated to manually engage the yaw gear as required. We selected 
an internal gear to facilitate the interface with the tower. 
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The Westinghouse retrofit tower top currently being used on many E44 Series wind 
turbines was designed to eliminate some of the structural problems experienced on the 
Enertech wind turbines. The retrofit included a larger yaw bearing than the original design. 
The tower top weldment provides a rigid support for the yaw bearing while having sufficient 
structural strength to withstand the fatigue loads it was expected to experience. In addition,  
the Westinghouse design incorporated a pin joint between the tower top weldment and the 
attachment to the top flange of the tower legs. This pin joint was used to prevent fatigue 
failures near the top of the tower leg which resulted from bending moments being transferred 
from the tower top plate to the tower leg through a rigid attachment. 

To eliminate the maintenance and complexity associated with the pin joint and improve 
the economics, a new cast tower top was designed that eliminates this joint and keeps the 
bending of the tower leg resulting from tower top deflections within acceptable limits. This 
design is shown in Figure 5.4-1 . The tower top was designed to support the yaw bearing with 
deflections within the allowable values given by the bearing manufacturer. 

The tower is a three-legged 24.38 m (80 ft) steel truss tower, similar to the tower 
currently used with the E44 wind turbine. The straight (untapered) section at the top of the 
tower was eliminated, however, giving the tower a wider spread at the base. 

Towers for the 1 5/50 and 1 7/60 wind turbines were designed for high-wind loading as 
discussed in Section 7.9 to support a trade-off study between these configurations. The 
appropriate leg and brace sizes were chosen to keep the stresses below the allowable limit. 
A sketch of the tower is shown in Figure 5.4-2 and a summary of the tower designs for each 
of the wind turbines is shown in Table 5.4-1 . 

Table 5.4-1 - Tower Designs for 1 5/50 and 1 7/60 Wind Turbines 

I Tower I Sect i on I I 
Sect ion 
Height 

I l m 

Top 6.09 

2 6.09 

3 6.09 

Base 1 6 .o9 

I 

Tower for 15/50 Wind Turbine 

Leg 
Spacing 

Top 

Leg 
Spac i ng 

Bottom 
I Leg I Members 
I (Pipe I 

Brace 
Members 

(Ang l e  S i ze) 
ft I nm 

20 ! 832 

20 1 1397 

20 ! 2032 

20 2642 

i n  nm 

33 1397 

55 1 2032 

80 2642 

104 1 3251 

in I S i ze) I I 
55 ! 3 Std ! L 2 X 2 X 0 . 1875 ! 

80 I 3.5 Std I L 2 X 2 X 0 . 1875 l 
104 ! 3 .5 xs I L 2 .5 X 2 . 5 X 0 . 1875 ! 

128 1 
! l 

5 Std I L 2 .5 X 2 . 5 X 0 . 1875 I 

Tower for 17/60 Wind Turbine I Tower I Sect i on I Leg I Leg I Leg I Brace 
Members 

(Ang l e  S i ze) 
I Sect i on I Height I I I I m 

I Top I 6.09 
2 I 6.09 
3 1 6.o9 

Base I 6.09 

Spacing I Spacing I Members I I 
ft I nm 

20 1832 

20 
1
1397 

20 1 2032 

20 J 2642 

Top I Bottom I ( P i pe  I 
in I nm in I Si ze) I 
33 1 1397 55 I 3 Std I L 2 X 2 X 0 . 1875 

55 
1
2032 80 I 3 .5 Std I L 2 X 2 X 0 . 1875 

80 1 2642 1 o4 1 4 Std I L 2 . 5 X 2 .5 X 0 . 1875 

104 J3251 1 28 1 5 Std I L 2 .5 X 2 .5 X 0 . 1875 
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5.5 Foundation Design 

The necessary sizes for several types of foundation designs were calculated for each 
of the wind turbines. These designs included concrete mat foundations, straight drilled piers, 
drill and bell foundations, and pier and pad foundations. The design loadings on the 
foundations were determined from the calculated loads used in the tower design. Figure 5.5-
1 shows the dimensions required for each of the foundation concepts. Selection of a 
foundation configuration would be based on site-specific soil conditions. 

The foundations were designed to meet the requirements of EIA/TIA-222-E. The soil 
was assumed to be "normal soil" as defined in the specification. 

The mat type foundations were designed so that the weight of the foundation provided 
a factor of safety of 1 .5 against overturning. The design overturning moment at the base of 
the foundation is 1 ,640,760 N-m (1 ,21 0,000 ft-lbs) . For the 1 5150 the foundation size was 1 .7 
m2 (1 8 sq ft) and 1 .2 m (4 ft) thick as shown in Figure 5.5-1 . The weight of this foundation 
plus tower and wind turbine is 92,534.4 kg (204,000 pounds) and the moment arm from the 
edge of the foundation to the center of gravity is 2.74 m (9 ft) . The available resisting moment 
is 2,495,040 N-m (1 ,840,000 ft-lbs) . The resulting factor of safety is 1 .52. 

To calculate maximum soil pressure, a l inear variation is assumed. When the load is 
flat-to-flat the soil pressure distribution is as sown in Figure 5.5-2. The maximum pressure is 
1 1 8  kNim2 (2,460 psf) , which is less than the maximum allowable of 1 92 kNim2 (4,000 psf) for 
EIA standard soil. Figure 5.5-3 shows the soil pressure distribution when the load goes from 
corner to corner. In this case the maximum is 1 59 kNim2 (3,320 psf) which is also below the 
allowable. 

The drill-and-bell foundation for the 1 5150 is shown in Figure 5.5-1 . The drill-and-bell 
is designed so that the combined resistance of the weight of the concrete and the weight of 
a cone of coil engage by the bell is greater than the uplift force. The maximum uplift for one 
leg of the tower is 54,885.6 kg (1 21 ,000 lbs). The weight of the concrete in one dril l-and-bell 
is 9,979.2 kg (22,000 lbs) . EIA/TIA-222-E allows the assumption that the weight of a cone of 
soil with sides 30 degrees from the vertical also resists the uplift. The weight on the cone of 
soil for this foundation is 93,895.2 kg (207,000 lbs) . 

EIA/TIA-22-E requires that 

and 

uplift � weight of concrete I 1 .25 + weight of soil cone I 2 

54,885.6 kg � (9,979 kg I 1 .25) + (93,895 kg I 2) = 54,885.6 kg. okay 

uplift � (weight of concrete + weight of soil) I 1 .5 

54,885.6 kg � {9,979 kg + 93,895 kg) I 1 .5 = 69,400.8 kg. okay 

5.6 Controls 

The AOC 1 5150 control design consists of hardware and software that monitors and 
controls the operation of the wind turbine generating system under nominal and faulted 
conditions. The controls are divided into the control system,  which operates under nominal 
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conditions, and the protection system, which operates to protect the turbine when normally 
controlled functions are exceeded. 

5.6.1 Control System 

The control system inputs and outputs are identified in Figure 5. 6.1 -1 , and a flow chart 
of the control system logic is depicted in Figure 5.6.1 -2. The inputs to the control system are 
generator speed, generator current, generator temperature, vibration, line voltage, and wind 
speed. Generator speed will be detected by measuring the frequency of the generator's 
residual voltage through an isolated potential transformer. Generator current in each phase 
will be measured by Hall effect current transducers. Phase balance, inrush current, reverse 
current (motoring), and overcurrent will be derived from these measurements. Une voltage 
will be measured by potential transformers on each line. Wind speed will be measured using 
a cup anemometer. The outputs of the control system are controls for the brake system, the 
interconnect switch, the gearbox filtration pump, transmission oil heater (optional) , and 
generator winding heaters (optional). 

The primary functions of the control system are: 1 )  to control the interconnection of 
the turbine to the utility grid, 2) to control the filtration pump and heaters, 3) to shut down the 
wind turbine generator system (WTGS) for scheduled maintenance, or when optimization of 
system performance is desired (at very low wind speeds, for example), 4) to provide system 
performance measurements for operator evaluation, and 5) to provide safe shutdown under 
normal and fault conditions. 

The interconnection decision is based upon generator frequency and current monitoring. 
If the generator frequency exceeds line frequency, 60 Hz, the induction generator will be 
connected to the grid via an optically coupled silicon-controlled rectifier (SCR) switch. When 
the turbine is consuming power or "motoring" (which will occur, for example, when the wind 
drops below cut-in and is sustained for a certain amount of time) , it will be disconnected from 
the grid and will be allowed to freewheel. In the case where the appropriate conditions exist 
for the turbine to achieve synchronous speed but the system has not reached that goal within 
a certain time period (due to yaw misalignment or stiffness in the drive train, for example), the 
control system will "soft start" the induction generator. This reduced voltage starting will be 
accomplished by thyristor phase control in order to limit inrush current to an acceptable level. 
Harmonic effects, which may be introduced by thyristor phase control will be analyzed and 
compensated for, if necessary, in the detailed design. 

The control system will turn on a filtration pump when the generator rotor is turning. 
The purpose of the filtration pump is to filter oil in the gearbox assembly in order to increase 
the life of the transmission and to minimize acoustical emissions from the turbine which could 
occur as a result of wear. 

The AOC 1 5/50 will have an optional transmission oil heater that will be recommended 
for machines installed in cold regions. Generator winding heaters will be installed on the 
prototype unit and, based on study, may be a recommended option for machines operating 
in marine climates or other areas of high moisture. 

5.6.2 Protection System 

The protection system has been designed to be redundant and fail safe. Inputs to the 
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protection system are either direct measurements from sensors, or are parameters that are 
derived from generator voltage, generator current, and grid voltage measurements. There are 
three types of sensing devices: an anemometer to detect high wind speed, a vibration sensor 
to detect excessive system vibrations, and winding thermostats embedded in each generator 
phase winding to detect excessive generator temperatures. A vibration sensor will be installed 
on the AOC 1 5/50 prototype unit and, based on results of testing, may be installed on 
production units. 

Outputs from the protection system are controls for the brake system and the grid 
interconnect switch. The primary functions of the protection system are: 1 )  to maintain the 
turbine in a safe state when the control system fails to keep it within operating limits, or when 
a fault has been detected; and 2) to provide snapshot information about faults for failure 
characterization and non-real-time analysis. 

The following faults will be detected by the protection system: 

• 

• 

• 

• 

• 

• 

• 

Generator overcurrent 
Generator phase imbalance 
Generator overtemperature 
Generator overspeed 
Wind speed above cut-out 
Vibration over tolerance 
Loss of grid or undervoltage . 

Figure 5.6.2-1 lists the protection system faults and their corresponding responses. 
Upon detection of any fault, the protection system response will be to initiate a system 
shutdown. This sequence consists of first disconnecting the turbine from the utility grid, then 
deploying the braking system. In all cases except wind over-velocity, the turbine will not 
automatically restart, but will require manual start-up by an operator. In the case of wind 
velocity above cut-out, the turbine will be automatically restarted upon the detection and 
persistence of nominal wind conditions. 

The AOC 1 5/50 braking system consists of a three-phase dynamic brake, tip brakes 
(one on each blade), and a parking brake. The brake system is both redundant and fail safe. 
The dynamic brake is an electrical brake that consists of an R-C network. Application of the 
brake causes self-excitation in the induction generator and dissipates the energy necessary to 
bring the rotor to below normal operating speeds. 

In the normal operating mode, the tip brakes function as electrically activated 
aerodynamic brakes whenever shutdown is required. Each tip brake has an electromagnet that 
is held in place by the application of power to the circuit. The magnets are normally 
energized. Upon shutdown, the electromagnets deenergize and the tip brakes deploy due to 
centrifugal force. In fail-safe mode, the tip brakes will automatically deploy whenever there is 
loss of grid power, bringing the turbine system to a safe state. As a redundant feature, the 
tip brakes will operate as a mechanically activated aerodynamic braking system in the event 
of rotor overspeed. In overspeed conditions, centrifugal force on the tip brakes will overcome 
the magnetic forces causing the tip brakes to deploy, even if, for some reason, they are still 
electrically energized. 
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Input 

Wind Speed 

Generator Speed 

Generator Current 

Vibration 

Grid Voltage 

Generator 
Temperature 

Figure 5.6.2-1 Controller 1/0 and Logic 

State Action 

Above cut-in Motor turbine up to speed if wind speed exceeds 
cut-in and an interval has passed since last motoring, 
if turbine is not rotating 

Above cut-out Disconnect turbine from grid and deploy brakes 
Sequentially; tip brakes and dynamic brake, then 
parking brake 

Synchronous Connect to grid if synchronous speed 

Super Synchronous Disconnect from grid and deploy brakes 

Reversed (motoring) Disconnect from grid and ''freewheel" 

Overcurrent Disconnect from grid and deploy brakes 

Phase Imbalance Disconnect from grid and deploy brakes 

Excessive Disconnect from grid and deploy brakes 

Loss of Grid Disconnect from grid and deploy brakes. 
or Undervoltage Brakes ''fail safe" to deploy without intervention 

of control system 

Above set point Disconnect from grid and deploy brakes 

The parking brake is a mechanical brake whose function is to lock the rotor in a fixed 
position. In the protection system shutdown sequence, both the dynamic and tip brakes are 
applied simultaneously. The parking brake will be applied after the dynamic and tip brakes, 
once the blades have come to a full (or almost full) stop. In the event of failure or loss of the 
dynamic brake system, the tip brake system, when deployed, will bring the turbine to within 
safe design limits. Similarly, failure or loss of the tip brake system will be protected against 
by the dynamic brake. 

In addition to the controlled braking system, aerodynamic stall, which is inherent to the 
AOC 1 5/50 blade design, will limit generator power to design limits during normal operation. 

5.6.3 Control Hardware 

Microcontroller units (MCU) will be used to monitor the system states and initiate 
appropriate control. These MCUs contain an on-board Electrically Erasable Programmable 
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Read-Only Memory (EE-PROM) for field reprogramming should local environments or improved 
control strategies dictate a change in the control algorithms. On-board serial ports allow for 
reprogramming or interrogation of the wind system via ordinary telephone links. A backup 
battery will be used to supply power to logic devices in the control system in the event of grid 
power failure. 

5.7 Dynamic Brake 

The design of the dynamic brake is based on the proven design used on the E44 
turbines. A passive resistor-capacitor network is connected to the output of the generator as 
shown in Figure 5.7-1 . The brake is operated from the CPU and is triggered by either 
detection of faults or by high wind speed. In the freewheeling control mode the frequency of 
operation of the dynamic brake is greatly reduced thus decreasing the resulting stresses on 
the generator and transmission. To correct the problems experienced on the Enertech dynamic 
brake, we've carefully specified component withstand voltages and designed the brake to 
maintain voltage stress within component limits. The resistor consists of an industrial grid 
resistor in lieu of cartridge heaters used in the E44 design. 

An analysis of the generator and brake differential equation yields a solution of the form 

V = V e·at e· j Bt 
0 

where V 0, a and B are functions of the brake resistance and capacitors and the generator 
equivalent circuit parameters. Ref: Boukle J.E. and Ferguson R.W. "Induction Generator Theory 
and Application" AlEE Transactions February 1 954 pp 1 2-1 9. A stable operating regime is 
represented by a = 0. The circuit equations were solved as a function of frequency for a = 

0. 

These calculations indicate values of R (resistance) and Xc (capacitive reactance) of 
0.45 per unit (pu) and 0.6 pu will provide a braking torque of 2.4 pu at 1 pu frequency. 
Braking torque as a function of resistance and capacitance is shown in Figure 5.7-2. Figure 
5.7-3 shows the variation of the torque with the frequency, the highest torque being obtained 
when the generator overspeeds. A soft stop option, shown in Figure 5.7-4, is available 
whereby only a portion of the network is used to produce a reduced torque. This option can 
be used to decrease stress on the generator and transmission when stopping under low-wind
speed conditions. 

5. 7.1 Parametric Model 

The model results shown in Figures 5.7-2 and 5.7-3 represent a static solution. To more 
accurately represent the transient behavior of the braking circuit a parametric model has been 
set up in conjunction with Electrotek using the Electro Magnetic Transient Program (EMTP). 
The model is described by Tang, Zavadil , Smith and Childs in a Windpower '91 Conference 
Paper. The model runs on a PC. In conjunction with Electrotek, we defined this test facility 
and procedures required to confirm the results and finalize the design based upon the actual 
66 kW generator. The model has therefore been validated at AOC's Dynamic Brake test facility. 

The model can be readily adjusted to represent the required mechanical parameters 
in an electrical form, thus it can be set up to represent any particular rotor and wind regime 
or test facility. Figure 5.7-4 shows the circuit used by the model . J1 and J2 represent the low-
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speed and high-speed rotational inertia. By comparing the model predictions with actual values 
of torque, voltage, current and rpm obtained experimentally the model will be refined. It can 
then be used to finalize the actual brake design. Test results from the AOC facility are shown 
in Figure 5. 7-5. 

5.7.2 AOC Test Facility 

An experimental facility has been set up at AOC to enable the generator and its 
associated control circuits to be tested. Two diesel sets (30 kW and 1 00 kW) are available 
to excite the generator. The rotor is represented as an inertial load on the generator shaft. 
A variable load and capacitor bank is used to represent the braking circuit. At present there 
is no facility to drive the generator. This facility can not fully model the behavior in the field 
but it can be used to validate the transient brake model. Torque, voltage, current and rpm 
measurements can be collected using Labtech Notebook. 

5.8 lip Brakes/Rotating Interface 

The design of the tip brakes is similar to the baseline Enertech 44 although some 
changes have been made to conform to the new blade design. Although we will l ikely use an 
aluminum end plate, as shown in Figure 5.8-1 , on early models, we are considering a more 
aerodynamic, and potentially quieter, molded Acrylonitrile-butadiene-styrene (ABS) or other 
composite units as the most desirable design for volume production. 

The real difference from the baseline design is in the mode of operation. In the 
Enertech 44 the tip brakes were held in the normal run position by a centrifugally activated 
latch mechanism. Deployment occurred only upon a 20 to 30% rotor overspeed, and reliable 
deployment was often a problem. In the new AOC 1 5/50 design, the tip brakes will be held 
in the operating position by electromagnets and released whenever a shutdown is required 
(including power line loss) . We feel that this new operating mode will greatly enhance system 
reliability as it will relieve loads on the dynamic brake and transmission. As a safe shutdown 
feature the tip brakes will also deploy centrifugally at 50% overspeed. 

The mechanism that operates the tip brake is shown schematically in Figure 5.8-2. The 
unit consists of an electromagnet, spring, and damper assembly all housed inside a cylindrical 
enclosure. The spring exerts a small force on the tip brake ensuring a return to the closed (or 
operating) position when the rotor is stopped. 

Upon startup, the electromagnets are energized to latch the tip brakes in place during 
normal operation. Upon shutdown (or power line loss) the magnets de-energize and the tip 
brakes deploy due to centrifugal force. As redundant back-up protection, the system is 
designed so that in the event of a rotor overspeed, centrifugal force on the tip brakes will 
overcome the magnetic latching and the tip brakes will deploy at a 50% overspeed even when 
energized. 

Power to the tip brakes is supplied to the rotor through a rotating interface shown 
schematically in Figure 5.8-3. The rotary transformer slips over the low speed shaft during 
assembly. The stationary portion is mounted to the integrated gearbox and the rotating portion 
to the hub. Power is transferred through inductive coupling. 
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5.9 Yaw Damper 

Although the strength of all major turbine components (including the main rotor shaft) 
has been increased in the improved design to handle larger yaw-induced loads, a yaw rate 
limiting device may still be required for operation at turbulent wind sites. 

Structural analysis of the AOC 1 5/50 (see Section 7.0) low-speed shaft shows that yaw 
rates up to 50 degrees per second can be tolerated, but that yaw rates greater than this could 
cause fatigue damage. In order to prevent the yaw rate from exceeding 50 degrees per 
second, we propose to fit the machine with a passive yaw rate limiting device. It is possible 
that this device may only be required at very turbulent sites as early analytical work indicates 
that the AOC 1 5/50 will have a somewhat lower free yaw response rate than the Enertech 44. 
A goal of prototype testing will be to determine when, if ever, a yaw rate l imiter will be required. 

The proposed design of the yaw rate limiting device takes into account the need for the 
turbine to be able to yaw freely at low wind speeds so that proper yaw alignment occurs at 
or below the cut-in wind speed. Also, under normal operating conditions, no damping is 
required. Only when the yaw rate approaches 50 degrees per second is a yaw counter-torque 
required to keep the yaw rate in check. 

With this in mind, we have designed a yaw rate limiting device that functions more as 
a speed governor than a damper. The actual mechanism consists of a small two-stage vertical 
shaft helical gearbox mounted to a bracket incorporated in the cast tower top and located such 
that a small pinion mounted on the low-speed shaft of the gearbox engages the teeth on the 
inner diameter of the yaw bearing (Figure 5.9-1 ) . As the turbine yaws the pinion will be driven 
by the inner portion of the yaw bearing, which has a pitch diameter of 21 .35 mm (1 5 3/4 
inches). By sizing the pinion diameter at approximately 76.2 mm (3 inches) , it will turn five 
times faster than the turbine. A gearbox with a ten-to-one ratio will further increase this speed 
so that the speed of the high-speed shaft will be approximately 50 times the actual yaw rate 
of the turbine. For a turbine yaw rate of 50 degrees per second this corresponds to a high
speed shaft speed of 420 rpm. 

Yaw rate limiting or governing is accomplished by a centrifugal brake assembly mounted 
to the high-speed end of the gearbox. This mechanism (available as an off-the-shelf product) 
allows the shaft to spin freely at speeds up to, say, 375 rpm, whereupon the centrifugally 
activated friction pads begin to engage against a stationary outside housing. As the speed 
increases further, the braking force increases rapidly until a torque of approximately 50 ft lbs 
is developed at 420 rpm. This is equivalent to 3,390 N-m (2,500 ft lbs) at the turbine and 
should be sufficient to limit the turbine yaw rate to 50 degrees per second under any 
anticipated operating conditions. Naturally, the clutch/brake unit must have sufficient thermal 
capacity to absorb the energy generated during damping operations, but this only occurs when 
the yaw rate tries to exceed 45 degrees per second. 
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1. 

6.0 System Design 

This section provides system design drawings and the performance characteristics of 
the AOC 1 5/50 Wind Turbine. 

6.1 Electrical Drawings 

The single line diagram associated with the AOC 1 5/50 turbine is illustrated in Figure 
6.1 -1 . The diagram identifies the power system and the control interfaces required to monitor 
and operate the turbine. The main contactor for the generator consists of a power SCR. The 
disconnects shown throughout the drawing indicate those conductors that are part of the twist 
cable, which has a simple quick disconnect at the base of the tower. 

In multiple machine installations the 75 kVA step down transformer would be replaced 
by a larger transformer which would service several turbines based upon economic 
considerations. As depicted the 1 5  KV AR power factor correction capacitor and the dynamic 
brake will be located at the base of the tower. 

6.2 Drive Train Assembly 

The AOC 1 5/50 drive train assembly drawing is illustrated in Figure 6.2-1 . The heart of 
the drive train is the integrated gearbox, the shell of which acts as a structural member 
replacing the problematic bedplate associated with the E44 turbines. The 66 kW generator is 
mounted directly to the high-speed shaft, and the parking brake is mounted to the face of the 
generator. 

The single piece hub casting is mounted to the low-speed shaft using a ringfeder. 
We've eliminated the low-speed shaft keyway which caused stress concentrations in the E44. 
The tower top casting replaces the troublesome E44 tower top and retrofit package. 

6.3 AOC 1 5/50 Turbine Drawings 

Figure 6.3-1 depicts the overall assembly of the AOC 1 5/50 wind turbine. The figure 
identifies the major elements of the turbine including: 

• 1 5-meter, 3-bladed rigid hub 
• New low-speed shaft 
• Integrated gearbox 
• Totally enclosed generator 
• Larger yaw bearing 
• Cast tower top 
• Optional yaw damper 
• Modified lattice tower 
• Improved dynamic brake . 

Figure 6.3-2 defines the turbine assembly and depicts the drive train mounted on the 
tower and the addition of the blades. 
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6.4 AOC 1 5/50 Performance Characteristics 

The performance curve associated with the AOC 1 5/50 turbine is illustrated in Figure 
6.4-1 . The turbine cuts in at 3.7 m/s (8.5 mph) , reaches rated output of 50 kW at 1 1 .0 m/s 
(24.5 mph), and peaks at 66 kW at 1 6  m/s (35.5 mph). 
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7.0 Revised Economic Analysis 

During the execution of this task, NREL revised the economic model for evaluating 
candidate designs. The intent was to provide a more consistent basis for comparison. The 
major revisions that impact the original model are related to multipliers on base costs, which 
account for overhead and profit margin. The revised figure now assumes a 1 .5 sales price 
mark-up factor that includes general and administrative costs (G&A) and profit. We did not 
recalculate the economics associated with all of the design options considered in this task. 
The trade-off evaluations were based upon relative economics, not absolute economics. 
Therefore, we have limited our recalculation to the AOC 1 5/50 three-bladed turbine. Table 7.0-
1 identifies the revised economics. The lower value of COE shown is the actual value 
calculated using the revised NREL formula, while the higher value represents a 1 0% add-on 
to this figure. A range of cost figures is given in order to account for the uncertainty involved 
in this calculation and to provide for a more conservative cost estimation. 

Table 7.0-1 Revised Economics for 1 5/50 Turbine 

Location Cost of Energy Range 

S ite # 1  6 . 64 - 7 . 3 0¢/kWh 

S ite # 2  4 . 52 - 4 . 97¢/kWh 

S ite # 3  5 . 3 9 - 3 . 9 3 ¢/kWh 
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1 .0 Introduction and Summary 

Under Task 3 of Advanced Wind Turbine Design Studies, Contract ZG-0-1 9091 -1 , the 
Atlantic Orient Corporation completed the conceptual design of a 350 kW advanced wind 
turbine. This utility-grade turbine will generate energy at a cost of $.0365 per kilowatt-hour at 
the Site #2 location with an average wind speed of 8 m/s (1 8 mph) at hub height. The AOC 
33/350 incorporates a rotating airfoil tower that provides for downwind free yaw operation. 

This section of the report documents our design/evaluation process for this advanced 
wind turbine. Trade-off studies related to tower height, tower configuration, drive train 
configuration ,  and generator options are documented. The conclusions of these trade studies 
are discussed from a technical, economic, and market perspective. An historic review of 
operational problems for turbines of this size is provided. We've also identified the problems 
and risks associated with our conceptual design. 

Our design criteria are identified in Section 5.0 followed by a description of the design 
loads development. This includes a discussion of the analytical tools, the characteristics of the 
selected airfoil, and the design yawing rate. Turbulence effects and tower/foundation loads are 
described. In addition, mode shapes and natural frequencies are addressed and loads 
conclusions identified. 

Preliminary designs were developed for each of the major components. Specifications, 
outline drawings, and costs are documented. The AOC 33/350 system design includes a 
single line diagram, drive train assembly, overall turbine drawing, and the essential performance 
characteristics. Fatigue life estimates were developed for the system. 

A manufacturing approach has been developed that provides for field integration of the 
tower, drive train, rotor, and electrical subsystems. Both the wood/epoxy rotor and tower 
require a field joint that consists of relatively straightforward finger joints aligned and bonded 
at a temporary field facility. The manufacturing approach identifies facilities, labor, overhead, 
and costs associated with levelized production at a rate of 1 50 units per year. 

A maintenance plan has been developed for a 50 MW farm consisting of 1 43 AOC 
33/350 turbines. Scheduled maintenance and labor and material cost estimates have been 
identified. 

We continue to believe that simplicity in design yields a cost-effective, reliable turbine. 
For the AOC 33/350 turbine we have developed energy capture estimates for all three wind 
regimes. The results are extremely encouraging. This turbine will produce energy that will 
effectively compete with all existing forms of baseload power generation on a straight cost-of
energy basis. The AOC 33/350 wind turbine provides a new standard of performance in the 
350 kW class of wind turbines. 

1 5 0 



2.0 Advanced System Conceptual Design 

The overall design concept of the AOC 33/350 wind turbine is depicted in Figure 2.0-
1 .  More detail of the turbine assembly is shown in Figure 2.0-2. The design is the result of 
our effort to create a larger and more advanced turbine while maintaining simplicity. The 33-
meter wood/epoxy flow-through rotor incorporates advanced NREL thick air1oils. The drive train 
is mounted directly to the tower top casting in a manner that allows for the straightforward 
removal of the gear package without removal of the rotor. 

The air1oil-shaped, rotating tower is the most innovative design feature of the 33/350. 
The drive train sits directly upon a unique, lightweight, airfoil-shaped, wood/epoxy tower that 
rotates with the wind turbine. The tower concept shown in Figure 2.0-1 is the result of a trade 
study on airfoil tower options. The tower allows the system to stably track downwind without 
the need for yaw drive or damping. As a result of the aerodynamic tower shape, the rotor 
operates smoothly downwind with significantly reduced cyclic loads and noise emission. 
Integration of the tower as a part of the system allows load paths to be shortened and reduces 
weight. Annual energy production as a function of average wind speed is shown in Figure 2.0-
3. Based upon the wind resource identified at Site #2 the AOC 33/350 wind turbine will 
produce energy at a cost of $.0365 per kilowatt hour. The power curve of the turbine is 
provided in Figure 2.0-4. 

..,:,; , ,  
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3.0 Operational Problem Review 

An important premise of this design study was that we begin by examamng the 
operational history of an existing turbine. We chose as our baseline the Enertech 44 series 
shown in Figure 3.0-1 . Here, the turbine is shown mounted atop an 80-foot truss tower which 
is typical of most installations. Section I of this report documents the data base for the E44 
Turbines. A condensed version of the evaluation is provided below. 

We selected the Enertech 44 because it has a well documented history of development 
and performance with over 750 turbines having been installed dating as far back as 1 983. We 
also liked the basic simplicity of the design. We believe this design approach holds the key 
to more reliable and more cost-effective designs of the future and is, therefore, a particularly 
attractive model from which to build. A more detailed view of the Enertech 44 turbine is shown 
in Figure 3.0-2. 

In the early stages of this design study (Task 1 )  we carried out an in-depth study of the 
operational history of the existing Enertech 44 turbines. We focused primarily on machines 
located in wind power stations in southern California where problems were found to be most 
numerous. We were able to obtain extensive data on the 1 44-turbine ''Windustries" project 
located near Palm Springs, in the San Gorgonio Pass, and much of our Task 1 work involved 
analyzing this data. Of particular interest was operational downtime information that was 
assembled for a 2 1 /2 year period from 1 987 through 1 990. Overall project availability for this 
time period is shown in Figure 3.0-3. Causes of downtime were isolated, and the total 
downtime attributable to each cause was tabulated. This data is presented as a pie chart in 
Figure 3.0-4. Gearbox and mainframe failures, as well as precautionary shutdowns accounted 
for well over half the total downtime. To better understand the remaining causes of downtime, 
we prepared Figure 3.0-5, which shows downtime related to causes other than structural or 
gearbox failures. These included power distribution problems, generator failures, and dynamic, 
parking, and tip brake problems. 

Finally, the downtime data was collated and ranked as shown in Table 3.0-1 . Structural 
and gearbox failures, as well as inspection or cautionary shutdowns ranked at the top of the 
list as major downtime causes. In Table 3.0-2 the same data has been recombined into related 
categories and a short explanation added to clarify the nature of the failure. From this 
presentation it becomes clear that the major cause of downtime (63%) was due to structural 
failures resuHing from excessive operating loads. Gearbox failures accounted for 1 2%, 
generator failures for 5%, dynamic brake failures for 4%, and tip brake and parking brake 
failures each accounted for 3%. 

The most probable explanation for the large number of structural failures is that the 
turbines, particularly at this turbulent site, experienced yaw rates well in excess of those 
anticipated by the designers. The high yaw rates (in one case as high as 60 degrees per 
second) produced high gyroscopic loads that caused the main rotor shafts and mainframes 
to fail in fatigue typically after 2 to 5 years of operation. 

As a direct result of the work done in Task 1 ,  a number of candidate improvements 
were developed and trade-off studies were initiated to determine which of these improvements 
would prove most beneficial. Table 3.0-3 shows the 1 5  candidate improvements along with the 
improvement in overall cost of energy associated with each one. 

Following this, we combined these improvements in various combinations to yield three 

1 5 5  
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1 1  
1 2  
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1 6  
1 7  

Table 3 . 0- 1  

WI N D USTRI ES 1 988, 1 989,  1 �90 (1 0 M O N THS) 
RAN KI N G  OF D OWNTI M E  CAUS ES 

CAUSE H O URS P E R C E NT 

G EARBOX SHAFT 41 5032 24.36% 
MAI N FRAM E 290290 1 7.04% 
I NS PE CTI O N  SH UTDOWN 26291 4 1 5.43% 
G EARB OX 209674 1 2.31 % 
TOWE R  AND TO P 1 1 8262 6 .94% 
P OWER D I STRI B UTIO N  1 06542 ' 6.25% 
G E N E RATO R 83673 4.9 1 %  
DYNAM I C  BRAKE 61 928 3.63% 
TI P B RAKES 56070 3.29% 
PARKI N G  B RAKE 46392 2 .72% -
OTH ER 26884 1 .58% 
CO NTRO L SYSTE M 1 371 6 0 .81 % 
ROUTI N E  MAINTE NANCE 4731 0.28% 
TWIST CAB LE 3802 0.22% 
B LA D ES 31 26 0 . 1 8% 
H U B  627 0.04% 
YAW B EARI N G  8 0.00% 

TOTA L  1 703671 1 00.00% 

AVERAG E AVAILAB I LITY 52.73% 

1 6 1  



Tab l e  3 . 0 - 2  

DATA BASE EVALUATIO N  - E NTERTECH 44 

PRI MARY CAUSES OF DOWNTI M E  

1 )  Structura l  Fai l u res d ue to Excessive 
Operatin g  Loads 

a) Gearbox S haft Cracks & Fai l u res 24% 
b) Mainframe C racks & Fai lures 1 7% 
c) Precautionary S h utdown 1 5% 

(for Inspection of Above) 
d) Tower & Tower Top Cracks & Failures 7% 

2) Gearbox Fai lure - P remature Beari n g  Wearout 

3) Power Distrib utio n  & Uti l ity Co. Pro b lems 

4) Generator Fai lure d u e  to Shorting of Windings 

5) Dynamic B rake Fai l u re (marginal  capacity, poor 
components) 

6) Tip B rake M a lfun ction and Maintenance 

7) Parking B ra ke Repair/Rep lacement 

8) Control System 

9) All Other Causes I n cluding Routine M aintenance 

1 6 2  
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12 . 

13. 

14 . 

TABLE 3 .0-3 

TASK 1 - DESIGN TRADE-OFF STUDY 

ECONOMI C  IMPACT OF IMPROVEMENTS 

I I I IMPROVEMENT I 
COST OF I FROM I I ENERGY I BASEL I NE i CENTS/KWH i CENTS/KWH 

I 
CANDIDATE IMPROVEMENT 

I 
E44 BASELINE DESIGN I 
ADD PASSIVE YAW DAMPER I 
REDUCE ROTOR SPEED (TO 52 RPM) I 
CHANGE TO 2 BLADED TEETERED HUB I 
CHANGE MAI N  SHAFT 

CHG . TO I NTEGRATED GEARBOX HOUSING 

REPLACE GEARBOX COMPONENTS 

REPLACE GENERATOR (W. TEAO) 

HEAT GENERATOR 

UPGRADE DYNAM I C  BRAKE COMPONENTS I 
REPLACE T I P  BRAKES WITH TWIST T I PS I 
CHANGE OPERAT I NG MODE OF T I P  BRAKES I 
NEW AIRFOIL/INCREASE ROTOR DIAMETER I 
MODI FY CONTROL SYSTEM 

CHANGE TO CAST TOWER TOP 

I 
10.99 I -

7.01 I 3 .98 

10. 16 I 0.83 

4.65 I 6.34 

8.38 2.61 

8.69 T 2 .31 I 
9.71 I 1 .28 I 
9.98 I 1 .01 I 
1 1 . 10 1 co. 1 1 >  1 

10 .57 I 0.42 

1 1 . 07 I (0.08) 

10.29 I 0.70 

9.18 I 1 .81 

10.67 0.32 

10.62 0.38 

I I 
I I 

15 . MOD I FY TOWER/FOUNDATION DESI GN 

1 6 3  

RANK I I 
- I 
2 I 
8 I 
1 I 
3 

J 
4 l 
6 I 
7 l 

I 
1s 1 

10 I 
14 I 
9 I 
5 I 
1 2 

1 1  



improved designs which we labeled: "A - Retrofit Package", "B - Three-Bladed Production 
Design" and "C - Two-Bladed Production Design". Figure 3.0-6 summarizes the improvements 
contained in each design as compared to the baseline Enertech 44. Table 3.0-4 summarizes 
the economic impact of the combined improvements and shows that major improvements in 
the cost of energy should be possible with either the two- or three-bladed production designs. 

Although the two-blade design showed the lowest cost of energy, we chose to pursue 
the three-bladed option for our near-term improved design for a number of reasons primarily 
related to development costs and marketing considerations. At this size, the cost saving of 
a two-bladed design is not large, and there is additional complexity associated with the 
teetered hub design, which could potentially manifest itself in reduced reliability. 

The picture changes, however, as one looks at larger machines. For our advanced 
concept design, we determined that a machine in the three to five hundred kilowatt range 
would be most economical, and, in this size range, the two-bladed design emerges the clear 
winner despite all other considerations. The 300 to 500 kW range was determined as optimal 
through a cost evaluation of turbines in the 1 00 to 1 500 kW size range. As rotor diameter 
increases the cost of the rotor becomes increasingly significant relative to total system cost. 
Therefore, at 33 meters, a two-bladed turbine is more economical than a three-bladed turbine. 
Recent history has shown that the well entrenched three-bladed European manufacturers are 
slowly realizing the cost benefits of two-bladed turbines and focusing their development efforts 
on two-bladed turbines. 

Our study of existing machines and our work on this contract has lead us to some 
general conclusions regarding the design of future turbines. First, downwind, free-yaw, rigid
hub turbines must be built strong enough to withstand the very large gyroscopically induced 
loads associated with rapid yaw rates. A yaw damper may be required to limit yaw rates to 
acceptable levels, particularly on larger machines where it becomes too costly to build in the 
strength required for undamped free-yaw. 

The substitution of a teetered hub for a rigid hub design greatly reduces the normal 
loads of operation for the low-speed shaft (LSS) and all downstream equipment. The loads 
are reduced because wind shear and yaw-induced loads are essentially converted into teetering 
inertia (which is reversed on the next half blade rotation) . These loads are not transmitted to 
the LSS, which significantly reduces the problems of LSS design. In addition, it is believed that 
teetering helps to reduce the yawing forces and thus the yaw-rate-induced gyroscopic 
overturning moment that is so significant in downwind free-yaw machines in turbulent wind 
environments. 

The trade-off when using a teetered rotor instead of a rigid rotor is one of slightly 
greater mechanical complexity because the teetered rotor requires teeter bearings and teeter 
stops. There also may be some small power loss since a two-bladed rotor must be used in 
the teetered design rather than a three-bladed rotor. The capital costs of the teeter bearing 
and stops are largely offset by the reduced cost of a two-bladed design as compared to a 
three-bladed design. 

There is no doubt that as turbine size grows the trade-off shifts in favor of the teetered 
hub design. This is because the weight of the structure required to handle the loads of a rigid 
hub design tends to grow as the cube of rotor diameter, and it becomes expensive and 
impractical to build a large, rigid hub, free-yaw turbine, even though this may represent the 
simplest, and potentially most reliable design. 
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Figure 3.0-6 Summary of Task 1 Design Concepts 

Retrofit design package 
- Passive yaw damper #1 
- Modified main shaft #4 
- Upgraded gearbox components #6 
- Upgraded dynamic brake components #9 

Three-bladed production design 
- Passive yaw damper #1 

Modified main shaft #4 
Integrated gearbox with upgraded gearing #5 
Totally enclosed generator #7 
Upgraded dynamic brake components #9 
Change in the operating mode of the tip brakes #1 1 
Incorporation of a new airfoil #1 2 
Control system modifications #1 3 
Cast tower top #1 4 
Modified tower and foundation design #1 5 

Two-bladed production design 
- Two-bladed teetered hub #3 

Integrated gearbox with upgraded gearing #5&6 
Totally enclosed generator #7 
Upgraded dynamic brake components #9 
Change the operating mode of the tip brake #1 1 
Control system modification #1 3 
Cast tower top #1 4 
Modified tower and foundation design #1 5 
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I I I I I 0. I A. I 
B . 

c .  

I I I I I 0. I A. I 
I B. I c.  I I I I I I 0 . I A. I I I B . 

c .  

Table 3.0-4 

Cost of Energy Sensitivity of Improvement Combinat ions 

CANDIDATE IMPROVEMENT 

SITE #1 - CA PASSES 

E44 BASELINE DESIGN 

"RETROFIT PACKAGE" 
Includes #1 ,#4,#6,#9 
113-BLADED PRODUCTION DESIGN" 
!nels : 1 ,4,5 ,6,7,9, 1 1 , 12 , 13 , 14 , 15 

112-BLADED PRODUCTION DESIGN" 
Inc ls : 3,5 ,6,7,9, 1 1 , 13 , 14 , 15 

SITE #2 - GREAT PLAINS 

E44 BASELINE DESIGN 

"RETROFIT PACKAGE" 
Includes #1 ,#4,#6,#9 

"3-BLADED PRODUCTION DESIGN" 
!nels : 1 ,4,5 ,6,7,9, 1 1 , 12, 13, 14, 15 

"2-BLADED PRODUCTION DESIGN" 
Incls : 3,5 ,6,7,9, 1 1 , 13, 14,15 

16.29 

9.22 

6.96 

10.99 

6.21 

4.70 

3.66 

SITE #3 - MTN . RIDGELINES 

E44 BASELINE DESIGN 

"RETROFIT PACKAGE" 
Includes #1 ,#4,#6,#9 

113-BLADED PRODUCTION DESIGN" 
Incls : 1 ,4,5 ,6,7,9, 1 1 , 1 2 , 13, 14, 15 

112-BLADED PRODUCTION DESIGN" 
!nels : 3,5,6,7,9, 1 1 , 13 , 14 , 15 

1 6 6 

13.74 

7.78 

5 .88 

4.04 

FROM 
BASELINE 
CENTS/KWH 

7.07 

9.33 

4.78 

6.29 

7.33 

5.97 

7.87 

9.71 
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4.0 Problem/Risk Identification 

There is always risk associated with innovation. In the case of the AOC 33/350 
advanced design, the primary innovation is the use of a rotating, airfoil-shaped tower. The 
detail design of an airfoil tower will require modification and validation of existing design tools. 
This will likely result in the construction and testing of scale models to evaluate performance 
such as yaw rate. At first, wood/epoxy finger joints appear to be a risk item. However, in 
support of the MOD-SA program several finger joints were fabricated and tested with excellent 
results. Both the tower and rotor include a single finger joint in their design. 

The use of a wood airfoil tower tends to soften the tower, especially in the transverse 
direction. This requires considerable care in design to ensure that the tower and tower/drive 
train/blade assembly does not encounter resonance. An advanced analytical tool that 
simulates the real-time response of the entire machine (such as ADAMS) is necessary to look 
at these potential problems. These assessments will require advanced wind models, advanced 
stall models, and teeter stop models. The work presented in this report reflects the tools that 
were available to the investigators at the start of this project. 

A final area of risk is AOC's lack of experience with two-bladed teetered rotors. As a 
corporation, our design efforts have historically focused on three-bladed turbines. However, 
our design team includes Michael Zuteck and Fred Snow, both of whom hav.e extensive 
experience with two-bladed teetered rotors. To undertake the development of the AOC 33/350 
we will need to add to our staff including expertise with two-bladed teetered rotors. 

The development of this advanced turbine will require a systematic scaling up of test 
articles. For instance, very early in the development process a small airfoil tower would be 
designed, fabricated and tested to evaluate yawing proportion .and ability to withstand off-axis 
operation. 

Reference: 

1 .  ADAMS (Automatic Dynamic Analysis of Mechanical Systems), Mechanic Dynamics, Ann 
Arbor, Michigan. 
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5.0 Design Criteria Development 

Through its involvement with the development of standards, AOC has extensive working 
knowledge of the existing and developing standards and design criteria. Table 5.0-1 illustrates 
the design and safety standards and draft documents applicable to AOC's design process. In 
general the design philosophy for the AOC 33/350 turbine follows that of AWEA (Doc. 1 )  and the 
draft documents of the I EC (Doc. 7,8) and the CEC recommendations (Doc. 14). 

In Table 5.0-2 the general configuration and design criteria for the wind turbine are 
identified. In developing the design specifications the following considerations were taken into 
account: 

• 

• 

• 

External design - environmental, including wind inflow models and rules as well 
as other climatic conditions and other external events such as grid conditions 
Loads and load cases 
Identification of critical components including partial safety coefficients . 
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1 .  

2. 

3. 

4. 

5. 

6. 

7 . 

8. 

9. 

1 0. 

1 1 .  

1 2. 

1 3. 

1 4. 

AWEA 

AWEA 

ANSI/ 

EIA!TIA 

IEEE 

ANSI 

ECN 

IEC 

IEC 

IEC 

lEA 

lEA 

AWEA 

lEA 

CEC 

Table 5.0-1 

APPLICABLE DESIGN CRITERIA DOCUMENTS 

Design Criteria Recommended Practices 
AWEA Std 3.1 - 1 988 

Recommended Practice for the Installation of Wind Energy Conversion 
Systems 
AWEA Std 6.1 - 1 989 

Structural Standards for steel antenna towers and antenna supporting 
structures 
ANSI/EIA!TIA - 222 - E - 1 991 

Recommended Practice for the Electrical Design and operation of 
Windfarm Generating Stations 
IEEE Std 5td 1 094 - 1 991 

C2 - 1 990. National Electrical Safety Code 

Regulations for the Type - Certification of Wind Turbines: Technical 
Criteria (Netherlands) 
ECN - 91 - 001 

Safety Philosophy of Wind Turbine Generator Working Draft 2 (WG1 - TC-

§ID 
WTGS Engineering Integrity 
Working Draft 3 (WG2 - TC-88) 

Wind Turbine System Operation & Maintenance Working Draft 8 (WG3 -
TC-88) 

Recommended Practices for Wind Turbine Testing and Evaluation No. 3: 
Fatigue Characteristics 1 990 

Recommended Practices for Wind Turbine Testing and Evaluation No. 6: 
Structural Safety 1 988 

Wind Energy Conversion Systems Terminology 
AWEA Std 5.1 - 1 990 

Recommended Practices for Wind Turbine Testing and Evaluation No. 8: 
Glossary of Terms 1 987 

Recommendation for a European Wind Turbine Design Standard Load 
Cases and Loads 
CEO DG 1 7  - April 1 991 

KEY: 

AWEA 
EIA 
IEEE 
ANSI 
IEC 
IEA 
CEC 
ECN 
TIA 

American Wind Energy Association 
IE lectronic Industries Association 
I Insti tute of E lectri cal and Electronic Engineers IAmerican National Standards Insti tute 
International Electrotechnica l Commission 
I International Energy Agency 
ICommission for European Communities IEnergieonderzoek Centrum Netherland 
Telecommunication Industries Association 
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Type 
Confi guration 
Rotor diameter 
Centerl i ne hub height 

PERFORMANCE PARAMETERS 
Rated electrical output 

Cut- in 
Shut-down (high wind) 
Peale surviva l  
Annual output 

( 1 00% avai labi l i ty, 
10 m AGL wind speed) 

Rotor diameter 
Number of blades 
Rotor orientation 
Hub type 
Pi tch control 
Speed/power regulation 
Swept area 
Rotor sol idi ty 
Speed at rated power 
Rotor tip speed 
Design tip speed ratio 
Cone angle 
Ti l t angle 
Rotor weight 

Construction 
Ai rfoi l type 
Length 
Root chord 
Maximum chord 
Tip chord 
Chord taper ratio 
Twist 
OVerspeed l imi ter 
Hub attachment 
Blade weight 

TRANSMISSION 
Type 
Housing 
Ratio 
Rating, continuous 
Lubrication 
Fi l tration 
Oi l heater 
Transmission weight 

GENERATOR 
Type 
Frequency 
Voltage 
Peale continuous rating 
Speed (nominal )  
Insulat ion 
Frame 
Mounting 
Generator weight 

TABLE 5.0-2 

ATLANTIC ORIENT 331350 
Near Term Baseline Configuration 

Uti l i ty interface 
Hori zontal axis 
33 m ( 108 ft) 
30 m ( 103 ft) 

350 leW at 16 m/S (36 mph) 
300 leW at 12.5 m/S (28 mph) 
4.2 m/S (9.5 mph) 
25 m/s (55 mph) 
55 m/s ( 125 mph) 
5.4 m/ S  ( 12 mph) 
6 .7 m/S ( 1 5 mph) 
8 .0 m/S ( 18 mph) 

33 m ( 108 ft) 
2 
Downwind 

447,500 kwh 
785, 500 kwh 

1 , 121 ,000 kWh 

Elastomerica l ly teetered 
None - fixed pi tch 
Aerodynamic sta l l  
885 sq.m (9210 sq.ft . ) 
0.046 
37 rpm 
64 m/S ( 143 mph) 
8.0 
6 degrees 
0 degree 
2450 leg (5400 lbs) 

Wood/epoxy composite 
SERI , thick series 
15.75 m (51 .7 ft) 
915 mm (36 in) 
1625 mm (64 in) 
815 mm (32 in) 
2 
8 degrees 
Electro-magnetic Tip Brake 
Embedded female bolt receptors 
1 020 leg (2250 lbs) 

2-stage planetary 
Ducti le i ron - Integrated casting 
1 to 49.5 ( 1  to 41 .3 50 HZ) 
375 leW (500 hp) 
Synthetic Gear Oi l 
E lectric pump with f i l ter cartridge 
Optional for cold weather si tes 
3450 kg (7600 lbs) 

Induction (Asynchronous) 
60 HZ (50 HZ export) 
480 V. , 3-phase (others optiona l ) 
360 leW 
1800 rpm ( 1 500 rpm export) 
class F 
TEAO foot less 
Di rect to gearbox high-speed shaft 
1815 kg (4000 lbs) 
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YAW SYSTEJII 
Yaw drive 
Yaw control 

Type 

Height 

CONTROL SYSTEM 
Type 
Control inputs 

Control outputs 
Communicati ons 

ROTOR SPEED CONTROL 
Normal operation 

Normal start-up 
Shut-down 

Emergency shut-down 

SYSTEM DESIGN Y:IGHTS 
Turbine 
Tower 
Total 

DESIGN CRITERIA/STANDARDS 
Design l i fe 
Scheduled maintenance 
Documentation 

DESIGN STAII)ARDS 
American Wind 

Energy Associat ion 

Internat ional Electro
technical Commi ssion 

Commi ss ion of the 
European Communi ty 

E lectronic Industries Assoc. 

5.1 General Principles of Design 

ATLANTIC ORIENT 33!350 CContin.Jed) 

None 
Passive aerodynamic 

Aerodynamical ly shaped composite on steel tube 
base, upper section rotates with Turbine 
30 m (100 ft) - other heights opti onal 

PLC or MCU based 
Wind speed, generator frequency, generator 
current, generator temperature, grid 
voltage, generator voltage 
Line interconnection, brake deployment 
Serial l i nk to CPU for energy monitor 
and maintenance dispatch 

Blade sta l l  increases with wind veloci ty, 
generator load assures speed stabi l i ty 
Aerodynamic/E lectrical boost if necessary 
Control system simultaneously appl ies electrodynamic 
brake and deploys tip brakes. Parking brake brings 
rotor to a stand-st i l l .  
E lectrodynamic brake, fai l -safe tip brakes and parking 
brake are appl ied 

8,385 kg (18,480 lbs) 
8, 150 kg (18,000 lbs) 
16,250 kg (35,850 lbs) 

30 years 
Annual ,  or after severe events 
Instal lation manual , Operation manua l ,  Service and 
Maintenance manual ,  Design Cri teri a Document 

Design cri teria practices recommended 

AWEA Standard 3 . 1  - 1988 

Draft 1991 - TC88 - Safety of Wind 
Turbine Generator Systems 

Recommendation for a European Wind Turbine 
Design Standard: Load Cases & Loads, Apr. 1991 

Structural Standards for Steel Antenna Towers 
and Antenna Support Structures EIA/TIA 222-E, 
March 1991 

Wind turbine design is based on verification by analysis and test of its resistance to 
events and conditions that may occur during its design life-time. The control and protection 
system in combination with the structural strength will ensure that the wind turbine remains 
within its design limits. The design limits are defined in such a manner that the appropriate 
safety level is obtained for safe-life design and fail-safe operation. 

The load cases consist of a combination of external conditions and the design situation. 
All relevant cases and their frequency of occurrence are considered for the selection of the 
design (see Table 5.1 -1 ) . Where several combinations of conditions are possible, the most 
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unfavorable case is considered. Based on the design conditions, the structural strength and 
deformation will remain within safe limits. 

In the case of rare external events such as earthquakes, some damage to the wind 
turbine is acceptable as long as the turbine remains in a fail-safe or nonhazardous condition. 
It is recognized that some rare external events may be extreme and that the turbine may 
sustain significant damage. 

Verification of the safety level is based ·on the use of partial safety coefficients or on a 
comprehensive risk analysis. Dynamic response is considered if it leads to instabilities or to 
increased structural loading or deformation. The critical fail-safe components include the 
following: 

• 

• 

• 

• 

• 

• 

Tower and fasteners 
Cast steel tower top 
Cast transmission housing 
Main shaft 
Hub and connectors 
Blades . 

Design criteria for the critical components include the following: 

• Blade Attachment Studs, General Bolting: 
- Preload (Minimum Stud Cross Section) : 

Membrane Stress < .8 * Minimum Yield Strength 
Membrane Plus Bending Stress < Minimum Yield 

Strength 

- Service Load (Minimum Stud Cross Section, After 
Relaxation & Embedment) : 

Membrane Stress < .8 * Minimum Proof Stress 
Membrane Plus Bending Stress < Minimum Proof 

Stress 

- Service Fatigue Load (Fatigue Strength Reduction 
Factor, Joint Gapping, Overload Effects, Mean 
Stress Effects, Thread Fabrication Process, 
Rainflow Cycle Counting) : 

Total Fatigue Damage < 1 .0 with Stress Design 
Factor of 2.0 

- Service Loads: 
Average Nut Collar Bearing Stress < Proof Stress 
Extreme Service Load (Minimum Stud Cross Section) : 
Membrane Stress < Minimum Yield Strength 
Membrane + Bending Stress < 1 .2 Minimum Yield 

Strength 

• Hub, LSS, Transmission Case, Cradle: 
- Service Loads: 

Average Bearing Stress at Nut < Proof Stress 
Membrane Stress < .8 Minimum Proof Strength 
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Membrane Plus Bending Stress < Minimum Proof 
Strength 

- Service Fatigue Loads (Local Stress Concentration 
Effect, Mean Stress Correction, Overload 
Effects, Rainflow Cycle Counting) : 

Total Fatigue Damage < 1 .0 with Design Stress 
Factor of 2.0 

Extreme Service Loads: 
Membrane Stress < Minimum Yield Strength 
Membrane + Bending Stress < 1 .2 Minimum Yield 

Strength 

• Low Temperature Operation: 
- Charpy-V Notch Impact Energy > = 40.68 N-m (30 ft lb) at the Lowest 

Temperature of Operation OR 
Membrane and Membrane + Bending Stress 
Umits for Service Loads (including Teeter Stop Impact) 

Shall be One Half of the Umits for Normal 
Temperature Operation 

I 
_ J 5.1.1 Safe-Ufe Design 

I 

J 
] 

The rotor and support system are a safe-life design. This design maintains the 
structural integrity and safe operation under the specified environmental conditions without 
damage to life or property for the specified l ifetime of 30 years. 

5.1.2 Fail-Safe Operation 

The control subsystem is designed for fail-safe operation so that in the event of failure 
of a control component, the machine will remain in a nonhazardous condition. 

5.1.3 Protection System 

The protection system will be able to protect the turbine from any single failure or fault 
in any nonsafe-life components or power supplies. A combination of two or more failures that 
are interdependent or have a common cause are treated as a simple failure. All nonredundant 
components are designed for safe life. 

5. 1.4 Maintenance 

The AOC 33/350 is designed so that maintenance may be safely carried out by 
following instructions provided in the operation and maintenance (O&M) manual. An O&M 
manual will be provided to the end user. Detailed procedures will be provided for checking 
the proper function of safety systems, protection systems, and troubleshooting procedures. 

The design concept of the AOC 33/350, extreme simplicity, has a drastic positive effect 
upon the need for cost of maintenance compared to driven-yaw machines or those with active 
pitch. There are less components to be serviced, maintained or inspected. Our service and 
inspection requirements are expected to be a full order of magnitude smaller than other 
machines in this size range. 
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Table 5.1 -1 Load Cases 

DESI GN SITUATION 

1 .  Power production 

2 . Power production + control and/or protecti on 
system fault 

3. Start up 

4. Normal shut down 

5 .  Emergency shut down 

6. Parked (standing sti l l  or id l i ng ) 

7. 

8. 

DLC 
DWM 
EGC 
EDC 
EWS 

Parked + fault conditions 

Transport, assembly, maintenance and repai r 

Design Load Case 
Design Wind Model 
Extreme Gust Conditions 
Extreme D i rection Change 
Extreme Wind Sheer 

r Recurrence t ime in Years 
s Steady 
F Fati gue 
u Ult imate 

DLC 

1 . 1  DWM 

1 .2 DWM 

1 .3 DWM 

1 .4 DWMs 
1 .5 EGC1 
1 .6 EGC5C 
1 . 7 EWS 

1 .8 EDC 

2. 1 EWMs 
2 .2 DWM 

3. 1 DWM 

3.2 EGC1 
4 . 1  DWM 

4.2 EGC1 
5 . 1  DWMs 
6. 1 

6.2 

7. 1 

8. 1 

WIND FLOW 

v = vr or vout 
vin < v < vout 
vin < v < vout 
v = vr or vout 
v = Vr or Vout 
v = vr or vout 
v = vr or vout 
v = vr or vout 
v = vr or vout 
vin < v < vout 
vin < v < vout 
v = Vr or vout 
vin < v < vout 
v = vr or vout 
V = Vr or Vout 
v = vsur50 
V < Vsur1 
v = vsur1 
o be stated by 
he manufacturer 

N Part ia l safety factors for Normal and Extreme loadings 
A Part ia l safety factors for Accidenta l loadings 
T Part ia l safety factors for Transport and Erect ion loadings 
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ELECTRICAL LOAD TYPE OF 
ANALYSIS 

U I N 

F 

freq. variations F 

electrical fault U I N 

loss of connecticr U I N 

U I N 

U I N 

U I N 

U I A 

F 

F 

U I N 

F 

U I N 

U I A 

U I N 

F 

U I A 
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5.2 External Conditions 

The WTG is subjected to environmental and electrical parameters that may affect its 
loading, durability, and operation. To ensure an acceptable level of safety and reliability, the 
environmental and electrical parameters are taken into account in the design and are explicitly 
stated in the design documentation. 

The environmental parameters are divided into wind conditions and other climatic 
conditions. The electrical parameters refer to the grid conditions. Wind conditions are the 
primary environmental considerations for structural integrity. Other climatic conditions also 
affect design features such as control system function, durability, and corrosion. 

The external conditions are further divided into normal and extreme conditions. The 
normal conditions generally concern long-term structural loading and operating conditions, 
while the extreme conditions represent the rare but critical external design conditions. The 
design load cases consist of a combination of these external conditions with machine 
operational modes. Table 5.2-1 identifies the wind inflow conditions used in our design effort. 

5.3 System Design Considerations 

The following sections address the system design considerations evaluated in our 
design process. 

5.3.1 Design Applicability and System Load Cases 

Design load cases, loading combinations, and design methods are applicable to the 
turbine and the support structure or tower. The imposed loads that are considered in the 
design are listed in Table 5.1 -1 under load cases. 

The analysis of structural loads includes the aerodynamic loads produced by the wind 
on all system components, coupled with appropriate inertial loads developed by the rotating 
elements as well as the effects of gravity. Detailed concern is given to system control status 
for each operating condition. 

5.3.2 Normal Operating Conditions 

Normal operating conditions impact system life expectations and the avoidance of long
term failures. Analysis of the following conditions reflect appropriate high-cycle fatigue and 
wear conditions: 

• Aerodynamic inputs (steady and gusting wind loading) 
• Gravity loads 
• Inertial loads (static and dynamic loading) 
• Centrifugal loads 
• Gyroscopic loads. 

5.3.3 Extreme Operating Conditions 

Extreme operating conditions are important for limit load determinations and evaluation 
of extreme environmental effects and potential low-cycle fatigue. The following conditions may 
exist with the turbine either in operational or non-operational status: 
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• 

• 

• 

• 

• 

• 

Peak wind speed 
Maximum ice loading 
Temperature extremes 
Hail damage 
Lightning 
Earthquakes . 

TABLE 5.2-1 Wind Inflow Conditions 

1 .  Wind Shear Coefficients V(z) = V10m(Z/1 Om)a 

a Night a Day 
(50% of time) (50% of time) 

a) CA Pass Site 
b) Great Plains Site 
c) Mountain Ridgeline 

2. Mean Turbulence Levels 

0 
. 1 3 

.25 

0 
.23 

K = 1 .0 with row spacings > 20 D 

a) CA Pass Site 

K = 1 .3 with row spacings < 20 D 

z0 = 1 .3 X 1 0-2 

b) Great Plains Site z0 = 3.4 X 1 0-3 

c) Mountain Ridgeline 

3. Turbulence Distribution for All Three Sites 

.5 uu 1 0% of time 

uu 60% of time 

1 .5 uu 30% of time 

4. Lateral and Vertical Turbulence Levels 

(7 2 = ·6 (7 2 
v u 

(7 2 = ·4 (7 2 
w u 

5. Integral Scales 

Lux = 25(zm/z0 
") where: n=.4,m=.75(z0) '

4 

� = .35 Lux 
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5.3.4 Faull Conditions 

The analysis of system loads in a fault condition is made to guarantee system safety. 
These listed fault conditions are considered part of the normal operating environment and, 
therefore, normal (i.e., conservative or high) safety factors should apply. Protection schemes 
should be designed for maximum reliability. The safety system consists of the dynamic brake 
and blade stalling. The secondary or back-up safety system consists of tip brakes on the 
blades. 

5.4 Loads and Load Cases 

The load cases shall be determined from the combination of specific assembly, erection, 
maintenance, and operational criteria with external conditions. All load cases take into account 
the effects of gravitational, inertial, aerodynamic, and operational loads. Attention is given to 
the control system status for each operating condition. Dynamic factors based on dynamic 
calculations or measurements on both the predicted maximum operating and ultimate loads 
are applied in excess of calculated static loads where appropriate. 

5.4.1 Loads Definitions 

The following loads definitions are provided for clarity. 

Inertial and Gravitational Loads: Inertial and gravitational loads are external forces resulting in 
static and dynamic loads acting on the turbine. These loads are caused by vibration, rotation, 
and gravity. 

Aerodynamic Loads: Aerodynamic loads are static and dynamic loads that are caused by the 
airflow and its interaction with the stationary and moving parts of a turbine. The airflow is 
dependent upon the rotational speed of the rotor, the average wind speed across the rotor 
plane, the turbulence, the density of the air, the aerodynamic shapes, and their interactive 
effects. 

Operational Loads: Operational loads result from the operation and control of the turbine. 
They are identified as being in several categories. These are the control of rotor speed such 
as torque control by pitching of blades or other aerodynamic devices. 

-
They include drive train 

mechanical braking and transient loads, caused by rotor stopping and starting, generator 
connection and disconnection, and yawing loads. 

Unbalance Loads: Unbalanced loads are caused by mass unbalance or aerodynamic 
unbalance. The effects of teeter brakes and teeter angle restraints need to be evaluated. 

5.4.2 Design Situations 

The operational life of a turbine can be divided into a finite set of modes of operation 
that constitute the design situations. 

Normal Design Situations: These are the design situations that occur frequently. The control 
system determines the operating limits and it is assumed that there are no failures or faults in 
the turbine. The normal design situations are: 

• Power production 
• Start-up 
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• 

• 

• 

Shutdown 
Stand still 
Idling . 

Failure Design Situations: These are design situations with single or common cause failures 
in the turbine. The failure design situations are: 

• Emergency shutdown 
• Control system failure 
• Failure in the protection system 
• Electrical system failure 
• Structural failure 
• Parking system failure . 

Special Design Situations: These are the design situations that rarely occur and is assumed 
that there are no failures in the turbine. These design situations occur during: 

• Transportation 
• Assembly and erection 
• Commissioning 
• Function testing 
• Maintenance and servicing 
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6.0 Design Loads Development 

6.1 Analytical Tools 

The development of conceptual design loadings for the AOC/350 machine was based 
on the use of four computer programs: PROP, FLAP, YAWDYN, and ANSYS [1 -4] . 

The AOC 33/350 is a teetered-hub, fixed-pitch, aerodynamically damped in yaw, 
downwind two-bladed wind turbine that uses an induction generator. A unique feature of the 
machine is the use of an aerodynamically shaped tower cross-section that yaws with the rotor 
and drive train. The airfoil tower is anticipated to provide significant wind aligning force 
whenever the rotor (and thus the top of the tower) is operating at yaw. 

The advantages of the airfoil tower include reduced operating loads due to reduced 
turbulence downstream of the tower, increased energy capture due to reduced turbulence 
downstream of the tower, better wind alignment, which should increase energy capture, and 
reduced machine loads due to a reduced yaw rate. 

The PROP computer program, obtained from NREL, was used to estimate the power 
capture curve of the wind turbine. Enhancements were added to the program to implement 
the extended lift and drag coefficients for high angles of attack. All lift and drag coefficients 
were obtained from Jim Tangier of NREL. A sample case provided by NREL was solved to 
ensure that our copy of the PROP program, solved in our computing environment, gave 
"correct" results. 

The FLAP computer program, obtained from NREL, was the primary loads analysis tool. 
FLAP predicts the aerodynamic, gravity, and inertial response of a teetered rotor in which the 
hub is fixed to a point in space. AOC enhanced FLAP to include the extended lift and drag 
coefficients for high angles of attack. As a result, FLAP did predict a power peak at 
intermediate wind speeds and a drop in generated power at high wind speeds. FLAP was 
used to characterize the loadings in the absence of yawing. The lift and drag coefficients at 
large angles of attack were added to the FLAP program to enable it to predict observed 
behavior. A sample problem, provided by NREL, was executed to demonstrate that "correct" 
results were obtained in the AOC computing environment. Note that teeter-stop impact cases 
were not evaluated in the conceptual design phase. We do know that teeter-stop imapct 
loads can easily be design limiting. 

The YAWDYN computer program, obtained from Dr. Craig Hansen, was used to estimate 
the aerodynamic yaw rate damping due to the airfoil cross-section tower. The program was 
enhanced by AOC to include the tower aerodynamic forces and moments. A sample problem 
obtained from Dr. Hansen was executed to verify the proper response of the basic YAWDYN 
program. There is no verification problem set for YAWDYN with its aerodynamic tower feature. 

The ANSYS (PC-LINEAR) program was used to calculate the mode shapes and natural 
frequencies of the blades and blade/low-speed shaft/tower combination. Rotation-induced 
stress stiffening is available in the ANSYS program. We received problem reports that informed 
us of all identified ANSYS errors. 
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6.2 Advanced Airfoil Characteristics 

The NREL special purpose thick airfoils have been employed in the design of the blade 
for this wind turbine. The foils were designed using the Eppler computer program, and the 
family performance has been checked at the Delft wind tunnel. 

There were three main objectives in the use of these particular airfoils: 

• 

• 

• 

Reduced performance loss when dirty 
Reduced Cl,max dynamic as compared to Cl,max static relative to other blades 
Ample blade thickness . 

The reduced sensitivity to dirt and enhanced blade thickness were both achieved based 
on blade tests by others. It is not clear whether the ratio of the Cl,max dynamic to the Cl,max 
static has been reduced by these new airfoil shapes. Machine loads data from early tests of 
these foils in operating turbines show a 1 .4 to 1 .6 overpower spike, which is only moderately 
lower than the ratios observed in the Westinghouse WWG-0600 machine in Hawaii. Further 
test data on stall limited fixed-pitch machines will be needed to clearly define the spike level 
with the NREL airfoils 

6.3 Selection of Design Yawing Rates 

It is expected that the yaw rates will be low for this teetered-rotor wind turbine. The 
program YAWDYN was used to model the yawing behavior of the 33/350. A simple model of 
the rotating airfoil tower was added to see what effect it had on the calculated yaw rates. 
Figure 6.3-1 shows the results from YAWDYN both for the wind turbine on a stationary tower 
and on a rotating airfoil tower under the same wind conditions. Although the analysis was 
done for a preliminary design of the tower, it is expected that the final design of the tower 
would give similar results. Although both designs show significant oscillation in the yaw, the 
wind turbine with the airfoil tower appears to have a decreased amplitude of oscillation. Peak 
yaw rates were 1 2  degrees per second with the airfoil tower as opposed to approximately 27 
degrees per second without the airfoil tower. 

The inputs to YAWDYN were varied to determine which inputs could be changed to 
reduce the oscillations in the calculated results. Of the changes that were tried, it was found 
that changing the rotation speed of the rotor had the greatest effect on this oscil lation. Figure 
6.3-2 shows the results from YAWDYN with the wind turbine operating at the design operating 
speed of 37 rpm and at the increased operating speed of 50 rpm. These calculations were 
done for a machine on a rotating airfoil tower. It is obvious from this figure that the increased 
operating speed greatly reduced or eliminated the oscillations. 

6.4 Load Cases 

We have assumed that the yawing rate is low. In many sites this will clearly be true, 
even without special measures such as the airfoil tower. Thus, the FLAP loads have been 
used for the normal loads of operation. 

The blade and low-speed shaft loadings predicted by FLAP are shown in Figures 6.4-
1 through 6.4-7 as a function of wind speed, yaw angle, and vertical wind shear. As expected, 
the forces and moments are relatively low as long as the teeter excursion does not exceed the 
bounds physically imposed by the hub design. In these analyses we have assumed that up 
to 1 0 degrees of teeter can be provided. The teeter action dramatically reduces the blade and 

1 8 0  

1 
' 'I 
' l  



1 
I 

. I I 
! 

I 
I 1 

. j 

� . I 

30 
25 
20 

......... 
0) 1 5  C) 

" 
.._, 1 0  C) 
0> 
c 5 � 
� 0 0 >-

-5 
-1 0 

� 
\\ 1 \  
\ \  L � 'j_ /'-

\__ � � \f \ I \ 1\ 
\ I \ ;1\ \ Ill i\ l \.....-" _\ � I I [\1 JL \ 

\ ) \ v '\ \/ \ l t_ � v - 1 5 0 2 4 6 8 1 0  1 2  1 4  1 6  1 8  
Time (sec) 

1- Stationary Tower - Rotafing Tower 

Figure 6.3-1 Comparison of Yaw Motion with Airfoil Tower and Conventional Tower 

3 0  
2 5  
2 0  

......... 
0) Q) 1 5  "'0 .._, 
Q) 

0> 1 0  c � 
� 5 0 >-

0 
-5 

� \ I 
\ ,\ ,....... � \ 

� (\ r \ \� � \ I \ 
'"' \ v \ "'-...../ \ 

-1 0 0 2 4 6 8 1 0  1 2  1 4  1 6  1 8  
Time (sec) 

1- 50 RPM - 37 RPM 

Figure 6.3-2 Comparison of Yaw at 37 RPM and 50 RPM 

1 8 1  



I-" 
co 
N 

"' I 

� 
� 
� . .

. 
1� 

I:Q 
�� -
8 � � � 

• 

!' .. �'I 

/ 13  · u  

· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·�· - · · · · · · · · · · · · · · · · ·  / 
- - - - - - - - - - - - - - - - - - - · · · · - - - - · - - - -��- - - - · - - - - - - - - - - - - - - - - - - - - - - - - - - - · · · · · · · · · · 

· · · · · · · · · · · · · - - - - - - - · ·z· · - - - - - - - �:--------------

· · · · · · - · · · · · · · - - · ·� · · · · · · · · · · - - · · · · · · · · · · · · · · · · · · · · · · · · · · · · · - · · · · · · · · - -

t 
· · · · · · · · · · · ·� · - · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · - - - - - - - - - - - - - - - - - - - - - - - - - - - - · · - - · - · · - ·  L 

11 

10 
fi'J 

9 � . t � a �  
t2 

7 

6 

5 

4 

l��--�----------�--------�-----------�----------��------�----�3 -

WIND VEWCITY, MPH 10-21-91 
--- MAX. BENDING MOMENT --- MIN. BENDING MOMENT "';\1\\r ROTOR DRAG 

F i gu r e  6 . 4 - 1 AOC 3 3/ 3 5 0  B l a de F l a p  Bend i ng and D r a g  

I ' : ;:.;  . . ·· - r J J r ·  c-;� . -� . . � � l. =J 
--·· . ""--'-"' ""'-�� "- . =--



'--L 

I-' 
co 
w 

� -� � � - · 
miM SOLunON 

X X X 
· · · · · · · · · · · · · · · · · · · · · · · · · · · - - -��-- - - - - - - - - - - - - - - - - - - - - - - - - - · - · · · · · · · · · · · · · · · · · · · · · - · · · · · · · · · · · · · · · · · ·  -x . x �------

0 '0 
WIND VELOCITY, MPH 10-21-91 r--:x--=-i.ssMAi-nENDING- --+YAWBRGOVERTimNINGJ 

F i gu r e  6 . 4- 2  AOC 3 3/ 3 5 0  LSS and Yaw B e a r i ng Moments 

, ,  



I-' 
co 
� 

[ 

I 
� 
� 
� � 
I 

· · · · · · · · · · · · · · · · · · · · · · · · · · · � · · · · · · · · · · - � - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

7� · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · - - · - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

TRIM SOLUTlON 

· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · - - -� - - - - · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · - - - - · · · · · · · · · · · · · · · · · · · · · ·  

60 MPH WIND 
· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · - - - -� - - - - - - - - - - - - - - - - · - - · - - - - - - - - - - - - - - - - - · · · · · ·  

. . . . . . . . . . . .. 

0.14 0. 
VERTICAL WIND SHEAR EXPONENT 

F i gure 6 . 4- 3  A O C  3 3/ 3 5 0  T e e t e r  Ang l e  R ange v s  Vert i ca l  W i nd She a r  Exponent 

L "1 � , - ' "] 



_j_ 

I-' 
OJ 
Ul 

� 
� 
� 
I I � 
� 
ra � f2 

•JI� II !l\i.IIJ4(-·-·""'""'":I�t-........ , .. , ... ,§!!lbliii"liiiti!"'M filii!M"� 

······························-··············----------------------- --{;j······-----···--�l:j-···········-r;;L iUiiiJbjjJttAJI,i.u..ooiiJ.Itoot.u.otU.Mu-.S:�����mu.tl'tJillln»t�)\( 

··························---------······················------·--·-----·····-��-��---··········· 

• • • • 

OJ4 0."25 
VERTICAL WIND SHEAR EXPONENT 

--- BLADE ROOT MAX BEND -+- BLADE ROOT MIN BEND ""*"" DRAG lu-�l-�l 

0. 

-B- LSS BENDING, MAX -H- LSS TORQUE "* TOWER TOP OT MOMENT 

F i gure 6 . 4 -4 AOC 3 3/ 3 5 0  Loads vs She a r  Exponent Tr im S o l ut i ons a t  60 MPH 



f-' 
co 
O'l 

·�--------------------------------------------------� 
YAW BEARING OVERTURNING MOMENT 

! I I . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  �:�.�.::?.ROUE 

� ! a · · · · · · · · · · · · · · · · · · · · · · ·  -�···-; 
;a 

/-· · · · · · · ·  · · · · · · ·� · - · · · · · · · · · · · · · · · · · ·  

� 
)' 

60 

59 

· I 
57 

58 

..JAf'M SOUJriON 10-23-1991 
0� I I I I I I I I I I I 1 55  

-5 4 4 0 1 2 5 10 20 30 
YAW ANGLE, DEGREES 

F i gure 6 . 4 - 5  AOC 3 3/ 3 5 0  Drag , L S S , Hub Force s/Momen t s  vs Yaw Ang l e  

J t b.,_._ l_, -'� 



_ __l_ 

1-' 
co 
-..J 

A0-.-------------------,18 

� 
; � Loo 
. � ·120 

...... ....... .MAXIMUM.BLADE. BOO.T . ..MOMENT ............ . 
16 

m 
14 w a: fa 
12 ° 

� 
10 � 

• . • • • • • • • • • • • • • • • • • • • • • • .  �-- . • •  _ _ _  lyl!NIM�M.J;JJd�RE.BQQT •• MQMSNL ... · ·-f · ·  ... .. a �  
�- - f w 

· · · · · · · · · · · · · · · · · · - -��- - - · · ·:· · · · · · · · · · · · · · · · · · · · · ·  . · · · · · · · · · · · · · · ·  : i 
. .  � ....................... .......... !��!!!.�-�-���- - - · · · ·  

2 

TRIM SOLUTION 10-23--1991 
·180 I I I I I I I I I I I I T I 0 

-20 ·10 -5 � � 0 1 2 5 
YAW ANGLE, DEGREES 

F i gure 6 . 4 -6  AOC 3 3/ 3 5 0  T e e t e r  and B l a d e  Bend i ng vs Yaw Ang l e  



I-' 
CXl 
CXl 

� 
( � 
�· 

400 I -- . • Ts.s 

WIND VELOCITY, MPH 10-21 -91 ( -X- ROTOR.POWER --- TEETER HALF RANGE ) 
F i gure 6 . 4 - 7  AOC 3 3/ 3 5 0  F l ap Power and T e e t e r  E s t . 

\..._ ___ . ]  

i Q rJ 
� � ; 

2.5 � 
2 I 
1.5 



I J 

I 

low speed shaft forces and moments by inertially relieving the loads caused by wind shear and 
other sources. 

The abrupt change in predicted blade bending moments and teeter angle with 
increasing yaw angle (Figures 6.4-5 and 6.4-6) was a surprise. No error has been found in the 
FLAP programming. Never the less, it is appropriate to independently verify this behavior using 
another computer program before accepting it as fully valid. Note that in Figure 6.4-5, the 
scale for LSS torque is the right vertical axis and that the change in LSS torque is 
approximately 6,780 N-m (5,000 ft lbs). 

In the case of a teetered rotor design, the normal loads of operation are reduced so 
much by teeter action that the off-normal loads tend to dictate the design. Off-normal events 
such as: 

• 

• 

• 

• 

• 

• 

• 

• 

• 

Teeter stop impact 
Extreme yaw operation 
Seismic loadings 
Failure to release the teeter brake 
Inadvertent application of the teeter brake 
Full motoring startup 
Trip of a single tip brake with the other stuck 
Full engagement of the dynamic brake and the parking, brake w/o trip of the 

tip brakes 
Loss of one blade . 

The off-normal loads have not been explicitly considered in the conceptual design phase 
due to the lack of suitable tools for these analyses. Our alternative strategy has been to 
ensure ample design margins for all normal load cases to roughly cover the off-normal 
loadings. In Figure 6.4-7 ''Teeter Half Range" refers to the ± angle about the mean. 

6.5 Turbulence Effects 

Turbulence effects are expected to be small in a teetered machine. We feel that the 
yaw must be considered with turbulence. We anticipate using the ADAMS program to look at 
both effects simultaneously. 

The level of downwind tower turbulence when the rotor (and thus the tower) is operating 
at yaw is a concern. There probably will be greater downstream turbulence when the tower 
foil is operating at large yaw angles. However, the blade has been designed with an ample 
design margin that is based both on theoretical calculations and on considerable service 
experience in the most demanding of locations. There is every reason to believe that the blade 
is conservatively designed for this application. 

6.6 Tower/Foundation Loading 

The possible limiting cases for the (lower) tower and foundation designs are: 

• 

• 

• 

• 

• 

Hurricane winds 
Extreme seismic activity 
Loss of one blade 
Severe teeter stop impact 
Tower-rotor coupled harmonic response . 
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In each of these cases we hope to salvage the tower and foundation. Currently, the 
only load case that has been explicitly evaluated is the hurricane wind. 

In the case of a run-away turbine in high winds, it is not possible to know the specific 
rpm at which it will turn. If it is at a tower resonance speed, the tower and foundation 
probably will not survive. If it is not at a tower resonance then the tower and foundation may 
well survive. This load case is not a design constraint. 

The high-wind loading conditions that were used for the design of the airfoil tower were 
based on a wind speed of 54 m/s (1 20 mph). The drag coefficient for the blades was 
assumed to be 1 .4, giving a thrust of 1 0,070 kg (22,200 lbs) . This value was multiplied by a 
dynamics factor of 1 .4 to approximately represent the static peak load plus the effect of 
dynamic motion. The resulting rotor thrust load that was used in the design of the airfoil tower 
was 1 4,062 kg (31 ,000 lbs). 

The alternative pole tower and the lattice tower were designed for high-wind loading 
based on EIA/TIA-222-E ("Structural Standards for Steel Antenna Towers and Antenna 
Supporting Structures," Electronic Industries Association, March 1 991 ) .  The design wind speed 
was taken as 47 m/s (1 05 mph) at a height of 1 0 m (33 ft) above the ground. The wind 
turbine rotor was modelled as a simple flat plate with the same projected area as the rotor. 
Tools such as ADAMS are needed to evaluate the teeter stop impact loads. 

6.7 Mode Shapes/Natural Frequencies 

Because the tower design is unconventional, it was important to make a good estimate 
of the mode shapes and natural frequencies of the blade/drive train/tower assembly. Analyses 
of two configurations were performed: guyed and unguyed. In both cases the blades were 
placed in the horizontal position. The stiffening effects of rotation were not included for the 
blades. The torsion stiffness of the tower sections was carefully modelled. 

Table 6.7-1 contains the mode shapes and natural frequencies of the AOC 33/350 
machine for a 30.5 m (1 00 ft) unguyed tower. It was assumed that an inner steel pillar was 
used to support the yaw bearings at the 3 and 1 2.2 m (1 0 and 40 ft) elevations. For this 
analysis the steel pillar was assumed to be 91 4.4 mm (36 in) in diameter with a wall thickness 
of 25.4 mm (1 in). Fully restrained boundary conditions were imposed on the steel pillar at 
ground level. The tower was restrained against yawing and the teeter was restrained against 
teetering for this analysis. Modes three, four, seven, eight and nine fall within 20% of an 
integer harmonic of the rotational rate. Modes three and nine cannot occur in a machine when 
teetering is enabled, thus they may be ignored except for special situations where teetering is 
restrained. Refer to Section 7.2.5 for details regarding tower design trade-offs. 

Modes four and seven are closest to an integer harmonic of the rotation rate and thus 
need to be closely checked as the design evolves. The torsional stiffness of the drive train 
needs to be more fully derived and this will directly affect the natural frequencies. The existing 
model simply assumes a 267 m (1 0.5 in) diameter shaft for the low-speed shaft. As the design 
evolves in the preliminary design phase, the model will be suitably refined. 

A similar model was developed for the guyed tower design. Here, simple supports were 
used at 0 and 1 2.2 m (0 and 40 ft) elevation. Table 6.7-2 summarizes the natural frequencies 
of the first ten mode shapes. Only modes four and seven are within 20% of an integer of the 
blade rotation rate. Again, these two LSS torsional modes need to be carefully assessed. A 
refined model that includes the explicit stiffness of the transmission and generator will be 
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MODE NF CPS 

1 0 . 18 5  
2 0 . 2 3 5  
3 0 . 58 1  
4 1 . 13 2  
5 1 . 54 6  
6 1 . 6 0 6  
7 2 . 3 58 
8 4 . 2 6 0  
9 4 . 94 5  

10 5 . 7 3 8  

Table 6.7-1 Mode Shapes/Natural Frequencies 
AOC 33/350 30.5 m (1 00 ft) Un-guyed Tower 

NF/RPM MODE SHAPE 

0 . 3 0 0  Lateral Tower Lol ipop 
0 . 3 8 1  Fore/Aft Tower Lol ipop 
0 . 94 2  Blade 1st Flap - Anti symmetric* 
1 . 83 6  LSS Torsion/Tower Bending 
2 . 512 Blade 1st Flap - Symmetric 
2 . 604 Blade 1st Chordal Symmetric 
3 . 82 4  LSS Torsion/Tower Bending 
6 . 908 Blade 1st Flap - Symm . - wjTower 
8 . 02 0  Blade 2nd Flap - Anti symmetric* 
9 . 3 0 5  Blade 2nd Flap - Symmetric 

NOTE : 9 14 . 4  mm ( 3 6  in) diameter - 2 5 . 4  mm ( 1  in) thick steel 
pillar 

* Not appl icable to Teetered Operation 

MODE 

1 
2 
3 
4 
5 

6 
7 
8 
9 

10  

Table 7.6-2 Mode Shapes/Natural Frequencies 
AOC 33/350 30.5 m (1 00 ft) Guyed Tower 

NF CPS NF/RPM MODE SHAPE 

0 . 3 6 3  
0 . 4 9 2  
0 . 97 0  
1 . 2 6 3  
1 . 59 1  

1 . 654 
4 . 82 7  
5 . 7 3 3  
6 . 9 4 5  

8 . 014 

0 . 58 8  
0 . 79 7  
1 . 57 3  
2 . 04 8  
2 . 58 0  

2 . 683 
7 . 82 7  
9 . 2 9 7  

1 1 . 2 62 

12 . 9 9 5  

Tower Lateral Lol ipop 
LSS Torsion 
Tower Fore/Aft Lol ipop 
LSS Torsion 
Symmetrical Chordal/Unsymmetrical 

Flap Blade Bending* 
Blade Symm . 1 st Flap , Tower Fore/Aft 
Blade 2nd Flap - Antisymmetric *  
Blade 2nd Flap , Symmetric 
Blade 2nd Flap Anti symmetricjTower 

Torsion* 
Tower Bending/Blade Choral Bending 

Antisymmetric 

NOTE : Simply Supported at 0 and 12 . 2  m ( 0  and 4 0  ft) 
* Not appl icable to Teetered Mode 
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developed for preliminary design as the details of the driveline are determined. 

There does not seem to be any problem with the natural frequencies that cannot be 
handled in the preliminary design phase. The two modes of concern in either tower concept 
are those associated with the relatively coarse modelling of the torsional stiffness of the drive 
train. They can be adjusted to move the natural frequencies away from multiple integers of 
the blade rotation rate. 

It will also be important to assure that the 2 x rotation rate frequency, typical of locked 
teeter start-up/shutdown operation, does not reside close to a natural frequency. 

Taller tower designs will require similar mode shape/natural frequency checks. 

6.8 Control Loads Conclusions 

The blade of the AOC 33/350 wind turbine is more than adequate for the inertia, gravity, 
and aeroelastic loads of service when yawing and turbulence effects are ignored. The 
experience gained with the ESI-80 and WWG-0600 blades provides service-based design 
factors to account for teeter-stop impact and turbulence loadings. 

The teeter-stop impact loads cannot be well characterized with the current version of 
FLAP since the model does not respond sufficiently to yaw forces. However, service 
experience tells us that if the yaw rate is controlled and the teeter is locked until rotational 
speeds are above half of the design rotation rate, then very little teeter stop bumping will 
occur. We believe that the combination of teetering (to reduce loads and dampen yawing) and 
the airfoil tower (to reduce loads and dampen yawing) will result in a simple but successful 
design. However, teeter impact must be more fully explored during the detailed design phase 
of the development effort. 
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7.0 Preliminary Design 

The following sections provide details of the AOC 33/350 system as well as component 
designs. 

7.1 System Design 

Throughout this project, a guiding principle has been that reliability is directly linked to 
simplicity of design. A major goal, and certainly the major challenge of this design exercise, 
has been to develop a large wind turbine system with the fewest possible number of active 
components. Our aim was to retain,  to the extent possible, the basic simplicity of the baseline 
Enertech 44 design. 

Most existing turbine designs in the 300 kW or larger size range utilize a relatively 
complicated operational strategy that involves sensors and servo-systems to align the turbine 
with changing wind direction and in some cases to change blade pitch as well. These 
machines tend to be complicated, heavy and expensive. Surprisingly, many of these large 
machines actually cost (and weigh) more per kilowatt-hour generated than their smaller, simpler 
counterparts. 

It is our belief that major breakthroughs in large turbine design are possible when one 
looks at the integration of the entire system. In the AOC 33/350 design we have integrated 
generation, control and support functions in such a way as to produce a simple, lightweight 
system that operates in much the same manner as the most reliable small systems. There is 
no pitch control, no wind direction sensor, no yaw control and no power electronics. Even the 
rotor hub, as it is commonly thought of, has been eliminated. 

7.2 Key Components 

In this section we describe the features associated with each major component of the 
AOC 33/350 Advanced Wind Turbine design. The drive train assembly of the turbine is shown 
in Figure 7.2-1 . 

7.2.1 Rotor 

Trade-off studies performed in Task 2 showed the merits of the two-bladed, teetered
hub approach. However, at the 50 kW size, the benefits were marginal. In Task 3, we found 
that, as turbine size grows, the trade-off shifts clearly in favor of the two-bladed design. Our 
studies showed a weight saving of 900 kg (1 985 lb) for the 33-meter rotor alone for a two
bladed versus a three-bladed approach. This represents a reduction of 27% relative to a three
bladed design. Beyond this, it was found that the weight of both the turbine (primarily the 
main shaft) and the tower structure could be reduced considerably using the two-bladed 
design. Clearly, this was the better design approach for the 350 kW turbine, and this was the 
one selected. 

The only negative aspect of this design choice is the requirement for a teetered hub 
and the somewhat more sophisticated design and analysis problems this poses. The added 
cost of the teetered hub design can be largely offset by the savings possible with a hub-less 
or ''flow-through" rotor design. This design approach was documented in 1 984 when Gougeon 
Brothers, Inc. published the results of their work for DOE/NASA (entitled, "Design of an 

_j Advanced Wood Composite Rotor") . 
I 
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In reviewing this early work with one of its original authors and consultant to the present 
project, Mike Zuteck, we found that with the more sophisticated design tools now available, 
several improvements in this concept were possible. It now appears feasible to configure the 
blade root ends in such a manner that they can be directly mated at the center of rotation thus 
completely eliminating the center-body section. This means that only a single splice joint is 
required and no tooling for the center-body section is needed. It appears that a sufficient 
amount of twist (6-8°) and coning (SO) can be incorporated at a single micro-finger joint at the 
center of the rotor. The detail design of the blade will consider and accommodate the potential 
high stress points in the hub mounting area. 

Certainly, this latest approach to the flow-through rotor design makes it attractive, and 
we have selected it as our baseline concept. A possible disadvantage of this approach is that 
blade pitch cannot easily be adjusted once the rotor has been fabricated and field-assembled. 
Possible solutions to this problem include the use of blade-mounted ''trim-tabs" that could be 
field set to change effective camber and thus simulate small pitch changes. It should also be 
possible to twist the bonding jigs so as to change pitch prior to assembly of the two blades. 
This technique could be used in cases where a known pitch change is desired such as for 
high altitude compensation. 

In order to take full advantage of the proposed new single-joint flow-through rotor 
design, an innovative hub design was developed which allows for load take-off and support 
for the teeter bearings in a simple and elegant manner. This "hub", shown in Figure 7.2.1 -1 , 
consists of two (identical) castings shaped to cradle the blade root and bolted to the downwind 
side. These castings support the outside housing of the elastomeric teeter bearings which, in 
turn, carry the load to the yoke mounted on the main shaft. 

The concept of this hub design is that it allows the major rotor loads (bending and 
centrifugal) to be carried by the wood-epoxy composite structure of the blades themselves so 
that only torque and thrust loads are carried through the hub castings. The result is a very 
light weight and elegantly simple "hub-less" rotor - a design which we feel may have application 
to a broad range of turbine sizes. 

For teeter bearings, we have chosen elastomeric bearing assemblies manufactured by 
the Oil States Division of LTV Energy Products Company (Arlington, Texas) . Similar to those 
used on the MOD-5b turbine and deployed on off-shore oil drilling platforms for tension leg 
platform anchoring systems. This company has designed and manufactured similar bearings 
for a number of larger machines including Hamilton Standard and Aeritalia. In our application, 
these bearings will allow a total teeter angle of 1 2  degrees without any contact or wear of the 
moving parts, thus providing a completely maintenance-free hub assembly. 

Although the bearings can be designed to provide a measure of damping force, 
additional teeter stops will likely be necessary during start-up and shutdown cycles. In normal 
operation, teeter travel should never exceed the normal six-degree travel either side of center. 
We envision teeter stops that utilize the same principle as the elastomeric bearing, basically 
a series of "rubber" bushings sandwiched between steel plates which can be designed to 
have a progressive spring rate as the teeter angle exceeds the desired limit. These stops will 
require no service or maintenance as there will be no hydraulic or pneumatic components. 
Additional damping may need to be incorporated as the detail design progresses. 

The most difficult aspect of the teeter design will be sizing the teeter restraints. 
Typically, the teeter stop forces can peak at very high values. Further design development, 
especially including "rubber bumpers" to snub excess teeter motion, will be needed. A very 
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sophisticated whole-machine analysis is needed, together with advanced wind models and 
current stall models to enable the frequency and severity of teeter impacts to be addressed. 

Our goal here was to design a teetering hub assembly that would require no more 
maintenance nor be any more troublesome than the rigid hub assembly of the baseline 
Enertech 44. Our Task 1 analysis showed that the hub, along with the wood-epoxy blades, 
were among the most reliable components of . the turbine. 

The blade design was developed as the result of an in-house modeling program that 
utilized the performance-predicting code "PROP-PC" in conjunction with an energy-predicting 
code. The goal was to maximize output at a site similar to the NREL Site #2 while also limiting 
peak power output at the generator to 360 kilowatts. Once an overall solidity was selected, 
various taper ratios and amounts of twist were examined. A taper ratio of two generally gave 
good results, and we found that the higher the twist, the better the performance (up to 1 2  
degrees) . We chose to limit twist to 8 degrees, however, as this represents the limit easily 
attainable with the molded wood-epoxy construction method and higher values of twist yielded 
only marginal improvement. 

The overall blade layout (planform) and section dimensions are shown in Figures 7.2.1 -
2 and 7.2.2-3. Figure 7.2.1 -2 shows the three-piece flow-through rotor design originally 
proposed, while Figure 7.2. 1 -3 shows our latest two-piece design, which eliminates the center
body section and includes a single finger joint. We chose the NREL thick airfoil family 
employing the 881 3 near the tip, the 881 2 at 70% radius, and the newly-developed 881 4 airfoil 
near the maximum-chord location. The tip chord is 805 mm (32 in), maximum chord is 1 625 
mm (64 in) and the root chord is approximately 91 5 mm (36 in) . This results in a rotor with 
a solidity of 0.046 which yields its optimum performance at a tip speed ratio of 8. At an 
operating speed of 37 rpm, this occurs at a wind speed just over 8 m/s (or 1 8  mph). The 
finished weight of each blade (excluding tip brakes) was estimated to be 950 kg (21 00 lbs) . 

Although we originally proposed the use of a novel overspeed limiting system (STOPEM) 
utilizing stowed inflatable drag modules in the blade tips, we now show the rotor with tip 
brakes. This change is due to a change in our overall design and control system philosophy 
as the design progressed. Whereas the STOPEM approach represented an emergency back
up overspeed protection device, tip brakes represent an overspeed protection system which 
can operate with greater frequency and which can enlarge the system under normal operating 
conditions. Our studies of existing turbines brought us to the realization that- emergencies are 
far more common that first thought on most fixed-pitch turbines. It appeared that the abil ity 
to deploy tip brakes at every shut-down would greatly add to the safety and braking 
redundancy of the system. For this reason, we elected to return to the tip-brake approach but, 
unlike the Enertech design, the tip brakes will be actively controlled so that they deploy at 
every shut-down. The details of this design are discussed further under the control system 
section. A drawing of the design we now favor for the tip brakes appears as Figure 7.2. 1 -4. 
As the design progresses we will revisit the braking concept and evaluate other candidate 
braking systems including hinged and twisted tips. 

7.2.2 Gearbox 

Our original design of the 350 kW gearbox was much like the AOC 1 5/50 improved 
design in which we employ a cast integrated gearbox housing to form the main structural 
element of the turbine. This design approach eliminates the steel "strongback" or main frame 
used in the Enertech and most existing designs and definitely appears advantageous in small 
and medium sized machines . 
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However, as we began to develop the AOC 33/350 design, several considerations such 
as overall weight of components and ease of service suggested an alternative approach. 
Although still integrated, the design shown in Figure 7.2.2-1 allows the disassembly of individual 
components on the tower top, if necessary. 

The gearbox assembly has been divided into two cast sections that bolt together at a 
"C-flange" coupling. The first section houses the main rotor shaft and bearings while the 
second section houses the two-stage, planetary gear speed-increaser. The two sections are 
coupled together such that the rotor shaft is splined directly into the first stage of the gearbox 
and thus acts as the gearbox low-speed shaft. 

The primary advantage of this configuration is that it allows service work to be done on 
the gearbox (such as gear or bearing replacement) without the need to remove the rotor from 
the machine. Most wind power station operators agree that this is a desirable design feature 
that will greatly reduce maintenance costs. 

The main-shaft housing portion of the gearbox has been designed with adequate 
strength and provided with a mounting flange such that it can efficiently transmit all rotor loads 
directly into the tower top. Since the rotating airfoil tower slopes downwind, the load path 
from the rotor to the ground is greatly shortened and the weight of the support structure aloft 
can be greatly reduced. In this instance, the structure that supports the main shaft doubles 
as the main rotor-to-tower load-carrying member, thus eliminating the long main frame that 
would otherwise be required. The result is a light weight, efficient, low-cost integration of the 
transmission and turbine support structure. 

The transmission case and its cradle will be made of cast ductile iron. Careful finite 
element analysis of these structures will be needed when the designs are nearing maturity. 
If greater casting thicknesses are needed, then they will be used to preclude fatigue failure or 
ductile rupture. 

Inside the larger cylindrical gear-housing portion of the gearbox is a two-stage planetary 
gear speed increaser of the type successfully built for many wind turbines by the Fairfield 
Manufacturing Co. The gear speed-up ratio is 1 to 49. Improvements of the type discussed 
for the AOC 1 5/50 are applicable here as well .  These include increasing the hardness of the 
gear teeth, substituting spherical roller bearings for tapered roller bearings, and adding external 
oil filtration to increase life and decrease the time between oil changes . 

Also, as proposed in the smaller version, we plan to configure the high-speed end of 
the gearbox so that the generator can be coupled directly to it in a "C-face" bolt-on 
arrangement. This reduces cost and weight and guarantees proper alignment of the generator 
shaft. An arrangement of this type is preferable in terms of its long-term reliability as compared 
to other more common layouts (in larger machines) involving couplings, belts, pulleys, spacers, 
shims, etc. 

A 266.7 mm (1 0.5 in) diameter low-speed shaft has been selected. The design loads 
and resulting stresses for the shaft were: 

Torque = 85,400 N-m (63,000 ft lbs) T = Shear stress = 22.9 MPa (3,326 psi) 

Bending moment = 20,300 N-m (1 5,000 ft lbs) a8 = Bending stress = 1 0.9 M Pa (1 ,584 psi) 

Thrust = 46,700 N (1 0,500 ft lbs) "A = Axial stress = 0.83 MPa (1 21 psi) 
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Combined stress = ((118 + 11A)2 + 4 .,.2) 1k = 47.3 MPa (6,867 psi) 

Design fatigue limit for > 1 06 cycles = 82.7 MPa (1 2,000 psi) (ASME Code) 

Here the shaft stress (for normal operation) is at least a factor of 2 below accepted 
design values. This is an appropriate level for a conceptual design. 

The major fatigue challenges will come from teeter stop impacts. These require an 
advanced analysis capability. Yaw rate effects need to be included when yaw rates can be 
reliably predicted. 

7.2.3 Generator/Parking Brake 

Two generator options were identified for use in the AOC 33/350, an induction generator 
and a variable reluctance generator. A synchronous generator was also considered, but it was 
found to offer no substantial cost savings at this size and requires additional control circuitry. 

Both fixed- and variable-speed machines were considered. The fixed-speed machines 
have the advantage of design simplicity, however, there is an increase in energy capture 
through the use of a variable-speed machine. 

Ideally with the modular design of the AOC 33/350 the generator should be completely 
weatherproofed. This can be achieved using a totally enclosed frame or by using a nacelle 
over an open drip-proof frame. Site conditions and economics will dictate whether a Totally 
Enclosed Air Over (TEAO) or an Open Drip Proof (ODP) frame is chosen. These generator 
options are shown in Table 7.2.3-1 and are discussed in the following sections. 

7.2.3. 1 Fixed vs Variable Speed 

An ideal variable-speed generator would allow the rotor speed to be such that over the 
entire range of wind speeds the tip-speed ratio remains constant, allowing maximum energy 
capture to occur. With a fixed-speed machine the tip speed ratio changes with the wind 
speed, thus reducing the total energy capture. Figure 7.2.3-1 shows the power curves for the 
AOC 33/350 with a fixed-speed machine, an ideal variable machine, and a machine having 
a speed variation of ± 20%. Table 7.2.3-2 gives the percent increase in energy capture that 
an ideal variable-speed machine provides over a fixed speed machine at three different 
average wind speeds. As expected the largest increase in energy capture occurs at sites with 
low average wind speeds. Table 7.2.3-2 shows that the maximum benefit of variable speed 
occurs during the overspeed portion of its operation rather than during underspeed. 

An additional benefit of a variable speed machine is that it provides a softer mechanical 
system reducing torque spikes on the shaft and transmission. In essence a variable-speed 
system converts torque pulsations into speed changes. This may result in reduced 
maintenance costs. Finally, the control circuitry needed for a variable-speed machine allows the 
power quality of the system to be better maintained. 
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Table 7 . 2 . 3 -1 

Characteristics of Generating System Options 

COIJ1Xlnent Total Generating Efficiency At 
Generator Rating Cost System Cost Weight Turbine Rat ing 

1 .  Induction Generator Fixed Speed 

• 449 Frame Open Drip Proof with Cover 430 kll $1 1 ,400 $12,400 2250 96% 
• Nacel le $ 1 ,000 

• L449 Frame Total ly Enclosed Air Over 360 kll $16,000 $16, 000 4000 96% 

2. Induction Generator Variable Speed 

• 449 ODP t 20 % Speed Range 430 kll $1 1 ,400 $52,400 2250 91 .2% 
• Current Source Inverter $40,000 
• Nacel le $ 1 ,000 

• L449 TEAO t 20 % Speed Range 360 kll $16,000 $56, 000 4000 91 .2% 
• Current Source Inverter $40,000 

3. Reluctance Generator 350 kll $ 8,000 $58,000 2200 90% 
Inverter & Uti l ity Interface $50,000 

' ·  . .� . r ·1 L . .  J r � ( ,. - '" c· �; . 
·---- - .::.;.J, "'-"-'=·� "-.. - - _ ..... � 

Site 2 I kllh/year Si te 2 COE 

1 , 252,000 3.54¢/kllh 

I 1 , 215,000 3.69¢/kllh I 
I 

1 , 362, 000 3.88¢/kllh 
I I 

1 , 280,000 4. 13¢/kllh i I 
1 , 280, 000 4 . 13¢/kllh 1 I 
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Table 7.2.3-2 

Increased Energy Capture of Variable Speed Compared to Fixed Speed Machine 

I SPEED RANGE AVERAGE WIND SPEED I 
i I 5 .36 rn/S 6.60 m/s 8.04 rn/S 

I I 
Ideal 14% 13% I 1 2% I 
±20% 1 1% 1 1% I 1 0% I I 
-20% 4.6% 2.6% 1 .3% 

7.2.3.2 Fixed-Speed Induction Generator 

The fixed-speed induction generator is the baseline configuration since it provides the 
simplest design. The specifications are identified in Table 7.2.3-3. It requires VAR 
compensation but does not need a separate exciter. For the AOC 33/350 an induction 
generator in a 449 ODP frame was selected which has a maximum output of 430 kW. The 449 
frame size was selected as being the largest frame in the standard production series. Above 
this frame size generator costs increase dramatically as designs are no longer standardized. 

The TEAO option would derate the generator to 360KW with a considerable cost 
increase (see Table 7.2.3-1 ) .  The TEAO in its standard form cannot be end mounted without 
additional support, but this could be provided either by a cradle as proposed in the modular 
design or by changing the mounting bolts. The latter would require an alteration to the frame 
and would incur a significant cost penalty. 

Table 7.2.3-3 AOC 33/350 Generator Specifications 

TYPE 
OUTPUT 
VOLTAGE 
WINDING 
SPEED 
FREQUENCY 
INSULATION 
FRAME 

Option 1 
Option 2 

MOUNTING 
AIRFLOW 
SHAFT 

BEARINGS 
BRAKE 

HEATERS 

Induction generator, high efficiency 
430 kW peak continuous 
480 V, 3 phase 
Star with NC Thermostats 
1 800 RPM 
60 Hz 
Class F (Class H Option) Epoxy dip 

ODP footless cast iron 
TEAO footless cast iron, sealed & 
waterproofed 
Special flange mount to AOC housing 
55 mph at peak rating 
Splined and case hardened to AOC 
specifications 
Double shielded 
Disc Brake. C face mounting 1 ,01 7 N-m (750 ft lbs) 
Stearns 86000 series or equivalent. 
Optional winding heaters 
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7.2.3.3 Variable-Speed Induction Generator 

Using the same generator as the fixed-speed machine, a variable-speed drive can be 
added, as shown in Figure 7.2.3-2, allowing the output frequency of the generator to be 
independent of the grid frequency. With an induction generator, a regenerative drive, such as 
a current source inverter, is required, such that power flow in all four quadrants of inverter 
operation can occur. 

In order to maintain the correct flux density in the generator without saturating the iron 
a constant volts/hz relationship must be maintained. Below rated rpm the generator voltage is 
decreased to prevent saturation. The additional cost of the inverter shown in Table 7.2.3-1 is 
considerable. However, this configuration provides increased energy capture and improved 
power quality. 

T 1  
T2 
T3 

3¢ 460V GENERATOR 

Figure 7.2.3-2 Current Source Inverter for Variable Speed Induction Generator 

7.2.3.4 Variable-Speed Reluctance Machine 

A variable-speed reluctance generator has salient poles on both the stator and the rotor. 
It has the great advantage of having a very simple stator winding and no winding on the rotor. 
Currents in the stator circuits are switched on and off in accordance with rotor position 
allowing the machine to develop the torque speed characteristics typical of a series connected 
de machine. (Ref Lawrence P.J et al, lEE proc Vol 1 27 ptB No4 July 1 980) . A refuctance 
machine, though inherently simple, requires power electronics to provide the switching circuits. 
While the cost of the switching circuits means that the reluctance machine cannot compete with 
the fixed-speed induction generator on a capital cost basis, it becomes a viable alternative 
when considering variable speed. Figure 7.2.3-3 shows an outline of the reluctance system 
and Figure 7.2.3-4 shows the configuration for one phase of the VRM Inverter. Some 
preliminary costs estimates for the system are given in Table 7.2.3-1 . Specifications are given 
in Table 7.2.3-4. 
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Figure 7.2.3-3 350 kW Reluctance Generator 

DC BUS 

Configuration for one Phase: 

VRM PHASE 

Figure 7.2.3-4 VRM Inverter 
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Table 7.2.3-4 VRM Specifications 

VRM Generator Specifications: 

2,000 N-m torque up to 1 830 rpm (37 rpm airfoil) 
350 kW output over the range 1 830 rpm to 251 8 rpm (51 rpm airfoil) 
3 phase 
6 stator poles 
4 rotor poles 
approximate weight: 1 ,000 kg 
approximate physical size: 00: 0. 75 m 

length: 1 .25 m 
cost: prototype: $20,000 

production: $8,000 

Note that optimization could modify these numbers downward. No optimizations 
have been performed at this point in time. It is obvious from Table 7.2.3-1 that this generator 
option has the potential to increase annual energy production. However, the capital cost and 
efficiency need to be improved for the concept to be commercially attractive. 

VRM Inverter Specifications: 

appropriate switches: Toshiba 1 6  BT HG400 QIUSI (2 in parallel) 
1 ,200 V, 800 A total capacity 

a 1 ,000 V de bus is appropriate based on the utility interface needs 
cost: prototype: $1 60,000* 

production: $50,000* 

* prices include utility interface 

Utilitv Interface: A voltage-sourced power inverter for operation from 480 V, 3 
phase is planned. A de bus voltage of 1 ,000 V would allow for utility power 
factor correction. This voltage source inverter would use the same controllable 
switches as the VRM inverter. 

7.2.3.5 Parking Brake 

Three options for a parking brake have been identified; an electromagnetic disk brake 
capable of parking the rotor and holding it in high wind speeds, a smaller disk brake for 
parking only with a mechanical lock for high wind speeds, and a capstan type brake. 

The first option is the simplest to implement but has a high cost. It has been calculated 
that 81 3.6 N-m (600 ft lbs) of static torque is needed to hold the rotor in a 54 m/s (1 20 mph) 
wind. A much smaller brake can adequately park the rotor but would then require the addition 
of a mechanical lock for high wind speeds. The capstan type brake has a simple design and 
it is estimated that it would have a lower cost than the disk brake. Cost estimates are given 
in Table 7.2.3-5. 
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Table 7.2.3-5 Parking Brake Cost Estimates 

BRAKE OPTION COST 

1 ,017 N-m (750 ft lbs) Disc brake $ 4,285 

312 N-m (230 ft lbs) Disc brake and lock $ 2 ,222 

Capstan type lock $ 1 , 000 

7.2.3. 6 Near-Term and Medium-Term Recommendations 

The near-term recommendation for the AOC 33/350 generator is the fixed-speed 
induction generator. This generator is well understood, minimizes risk, and provides the most 
economical near-term solution. It is a logical extension of the AOC family of wind turbines. 
An ODP frame with a nacelle is recommended as the most economical with the option to 
provide a TEAO frame for severe sites. 

The economics of variable speed make it desirable to pursue this option in the mid
term as an extension of the fixed-speed generator. It is recognized that power electronics are 
developing constantly and that the capabilities and cost of variable-speed systems are 
changing rapidly. It is recommended that the feasibility of using a reluctance machine be 
further investigated to determine whether it can realistically compete with the induction 
generator in this application. The reluctance generator holds great promise yet the cost and 
time required to develop this concept are significant. The airfoil tower concept presents 
enough risk for the next stage of the development program. 

7.2.4 Drive Train Assembly 

As previously discussed in the gearbox section, the design goal was to maintain 
simplicity and low cost while stil l allowing easy access to serviceable parts on the tower 
without rotor removal. Adding to this design challenge was the desire to find a materials
efficient method of transmitting turbine loads to the airfoil-shaped wood-epoxy tower. 

The design options we have chosen are shown in Figures 7.2.4-1 and 7.2.4-2. In both 
versions the main-shaft housing portion of the gearbox is flanged along its lower sides and is 
designed to transmit all loads from the turbine directly to the tower-top casting below it. The 
tower-top casting, in turn, transmits loads into the tower through a series of steel studs 
embedded in the top of the tower. 

The gear housing portion of the transmission is bolted to the aft (upwind) end of the 
main-shaft housing and it is designed to support the load of the gearbox as well as to react 
torque loads. This design allows the removal of the entire gear assembly without the need to 
remove the rotor. 

The generator is mounted directly to the back of the gearbox and is so designed that 
its shaft doubles as the high-speed shaft of the gearbox. This approach eliminates a number 
of components and also ensures proper alignment. It may be possible to completely support 
the weight of the generator and parking brake with a flange mounting at the back of the 
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gearbox. This design approach is shown in Figure 7.2.4-1 . This is certainly the simplest 
approach, but it could prove somewhat difficult to assemble on the tower. Figure 7.2.4-1 also 
shows a fiberglass cover over the generator and parking brake assembly. This would be 
required if the lowest cost open drip-proof generator were used. The lighter weight of this 
generator makes it an ideal candidate for end-mounting without additional support. 

An alternative approach, shown in Figure 7.2.4-2 is to provide support for the generator 
with a bedplate hinged at the tower top and supported by a strut mounted to the tower leading 
edge. Here we show a totally enclosed generator that does not require an enclosure but it 
may require additional support. In this version, the parking brake, which is mounted directly 
to the back of the generator (in both versions), has been specially weatherproofed. 

We continue to work with our generator manufacturers on the best gener�tor 
configuration for this application. In the next phase of this program generator mounting will 
be finalized. 

7.2.5 Tower 

Our originally proposed airfoil tower concept is illustrated in Figure 7.2.5-1 . The concept 
consisted of a two bearing design with a full tower height airfoil. Under Task 3 of this program 
we identified and evaluated several variations of this tower concept. 

The baseline tower design which evolved is a light-weight, free-standing, wood/epoxy, 
airfoil shaped tower that rotates with the wind turbine to align with the wind. This tower is 
shown in Figure 7.2.5-2. The wind turbine mounts directly to the top of this tower so that the 
loads can be transferred efficiently from the wind turbine into the tower. The upper airfoil
shaped section of the tower extends down approximately 1 8.3 m (60 ft) from the top of the 
tower to a height below the area swept by the blades. The lower portion of the tower consists 
of a fixed cylindrical steel section. Various heights of towers can be achieved by varying the 
height of this steel section. The rotating section of the tower is attached to the stationary steel 
base by a single turntable bearing. This configuration allows the wind turbine and the upper 
part of the tower to rotate as a unit. 

The rotating airfoil-shaped tower offers a number of advantages over a conventional 
tower. Since the cross-section of the upper part of the tower is an airfoil with its major axis 
aligned with the rotor axis, tower shadow effects should be reduced, permitting downwind 
operation without excessive cyclic loads. The upper, rotating part of the tower can be slanted 
downwind, allowing the rotor to be located well downwind of the yaw axis while providing a 
shorter load path from the rotor to the tower base. Having the rotor and much of the rotating 
section of the tower located downwind of the yaw axis provides a significant yaw-aligning force, 
resulting in better alignment with the wind with possible increases in energy capture and 
reductions in loads due to yaw misalignment. The slanted tower (with the resulting offset of 
the wind machine from the yaw axis) produces a high yaw inertia and aerodynamic damping 
that should help keep yaw rates low and reduce rotor loads. The slant of the tower can be 
selected to give the desired free-yaw stability and limit the yaw rates to acceptable levels. 
This configuration may allow the wind turbine to operate in the downwind, free-yaw mode 
without the need for a complex, expensive, and troublesome yaw drive or yaw damper . 
Structurally, the airfoil-shaped tower has the advantage that the major axis is aligned with the 
direction of the largest loads on the rotor, thus allowing more efficient use of materials. 

A major limitation of the baseline design is that the turntable bearing on the tower could 
prove to be expensive. One possible alternative to the single-bearing design is to have two 
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bearings, one at the top of the steel base section and a second near ground level. In this 
configuration the rotating section of the tower would be extended down to the lower bearing. 
The upper bearing would support the weight load; instead of having a single bearing support 
the moment load, the moments would be taken up as radial loads on the two bearings. The 
bearings could have a lower cost design than the turntable bearing. This tower design is 
shown in Figure 7.2.5-3. 

As an alternative to the self-supporting airfoil tower, a guyed version of the same tower 
could prove to be more economical. This tower is shown in Figure 7.2.5-4. This design may 
allow the costs of the foundations and the lower section of the tower to be reduced 
significantly, especially for taller towers. 

The airfoil towers can be built in a manner similar to that used for the wood/epoxy 
blades. Tower sections will be built in a factory and shipped to the wind site. Field joints will 
be performed at the wind site as necessary. The requirements for manufacture and field 
assembly of the towers are discussed in Section 8. 

As an alternative to the airfoil tower, two types of steel towers were considered: a free
standing, 1 2-sided, pole tower and a free-standing lattice tower. The lattice tower was a three
legged design with a leg spread of approximately 1 .37 m (4.5 ft) at the top and taper of about 
.30 m (1 ft) on a side for every 3 m (1 0 ft) of height. Both types of steel towers were designed 
to the specifications of EIA/TIA-222-E. A comparison of the costs for the various tower 
configurations is shown in Table 7.2.5-1 a, b, c, and d. Comparisons were done for the 
heights of 30.5, 36.6, 45.7, and 54.9 m (1 00, 1 20, 1 50, and 1 80 ft). 

The design of the tower was only evaluated for extreme wind conditions. To determine 
a final design, natural frequencies, fatigue life, and other load cases need to be considered as 
the design evolves. During the next phase of turbine development the tower configuration will 
be finalized with special emphasis on the guyed airfoil tower which appears to offer the lowest 
cost solution. 

7.2.6 Foundation 

The foundations used for all towers in this study, except the guyed airfoil towers, were 
concrete mat-type foundations. The foundations were designed for "normal" soil conditions as 
defined in EIA/TIA-222-E. The mat foundations require a large amount of concrete but are 
usable with a wide variety of soil conditions. For the guyed tower, the foundations include a 
concrete base and four buried concrete blocks as anchors for the guy wires. 

Where suitable soil conditions exist, significant savings could be realized by using 
foundations that take advantage of the soil and not just the dead weight of the foundation to 
resist the overturning of the tower. For the lattice towers these foundations could include 
buried pads with piers extending above the surface of the ground, straight drilled piers, or 
drilled piers that are belled at the base. For the pole towers and the free-standing lattice 
towers, a single large drilled pier could be used. The large diameter and depth required for 
this pier could make it impractical for many locations. 
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Table 7.2 .5-1  Cost Comparison of Various Tower Configurations 

(a) 30 .5  m (100 ft ) Height 

I I I I TOWER I TOWER I BEARING FIXED FOUNDATION TOTAL I CONCEPT WEIGHT I COST COST SECTION COST I COST I i I GUYED AIRFOIL 6350 kg $15,000 $10,000 $ 8,000 $12,000 $45,000 

I SELF-SUPPORTI NG AIRFOI L, SINGLE BEARING i 771 1 kg $15,000 1 $10,000 1 s1 1 ,ooo 1 $28,000 $64,000 

I SELF-SUPPORTING AIRFOI L, TWO BEAR INGS 6350 kg $22,000 $ 1 ,450 $ 9,000 $28,000 $60,450 

I 12-SIDED POLE 13154 kg $29,000 $ 4,250 $30,000 $63,250 

I LATTICE 8618 kg $21 ,000 $ 8,000 $24, 000 $53,000 

(b) 36.6 m ( 120 ft) Height 

I TOWER I TOWER I BEARING F IXED FOUNDATION TOTAL I CONCEPT "'EIGHT I COST COST I SECTION COST 

I GUYED AIRFOIL 8165 kgi$15,000 $10,000 I $12,000 $12,000 
" i  

SELF-SUPPORTING AIRFOIL, SINGLE BEARING 10886 kg $15, 000 $10,000 $18,000 $33,000 

I SELF-SUPPORTING AIRFOIL, TWO BEARI NGS 1 771 1 kgjs31 , ooo 1 $ 1 ,450 $1 1 ,000 $33, 000 

I 

I 

12-SIDED POLE 18144 kg $40,000 $ 4,250 $35 ,000 

LATTICE 1 1 794 kg $28, 000 $ 8, 000 I $28, 000 

Cc)  45 .7 m ( 150 ft) Height 

i TOWER i TOWER BEARING I FIXED I FOUNDATION 
CONCEPT 

; 
"'EIGHT COST COST SECTION COST 

GUYED AIRFOIL i 10886 kg $15,000 1 $10,000 

SELF-SUPPORTING AIRFOI L, SINGLE BEARING 1 18144 kg $15 ,000 $14,000 

SELF-SUPPORTING AIRFOIL, TWO BEARINGS 

12-SIDED POLE 

LATTICE 

CONCEPT 

GUYED AIRFOIL 

bo886 kgiS47,ooo 
i i 127670 kg $61 ,000 
I I 

$ 1 ,450 

$ 4,250 

1 15876 kgJS39,ooo l s 8,ooo 1 
I I I I 

(d) 54.9 m (180 ft) Height 

I TOWER I TOWER I BEARING 
I "'EIGHT I COST I COST 

i j 13608 kgi$15, 000 $10,000 

$18, 000 1 s14,ooo 

s34,ooo 1 S4o,ooo 

s16,ooo 1 S4o,ooo 

1 S44,ooo 

1 s35 ,ooo 
I 

FIXED I FOUNDATION 
SECTION I COST 

$24, 000 $16,000 

SELF-SUPPORTING AI RFOIL, SINGLE BEARING i26762 kgi$15 ,000 
i "i 

$10,000 I $53,000 I 
i 

$48,000 

SELF-SUPPORTING AIRFOI L, TWO BEARINGS 

12-SIDED POLE 
i i 
J39o1o kgiS86,ooo 1 s 4,250 1 
i "i i I 

$53,000 

COST 

$49,000 

$76,000 

1 s76,45o 
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7.2. 7 Dynamic BrakeNar Compensation 

The design of the dynamic brake was based on the proven design used by Enertech. 
A passive resistor-capacitor network is connected to the output of the generator as shown in 
Figure 7.2.7-1 (single line diagram). The brake is operated from the CPU and is triggered by 
either an overfrequency relay or by high wind speed. Additionally the brake can be operated 
if the generator has been idling for greater than a set time. In the freewheeling control mode 
proposed by AOC the frequency of operation of the dynamic brake is greatly reduced thus 
decreasing the resulting stresses on the generator and transmission. 

7.2. 7. 1 Dynamic Brake Circuit 

The brake network is shown in Figure 7.2.7-2. Parametric calculations carried out in 
conjunction with Electrotek have shown how the values of R and C can be chosen to meet 
design criteria of braking torque, maximum voltage, and desired rpm after braking (Ref: Tang, 
Zavadil, Smith & Childs, AWEA conf 1 991 ) .  Table 7.2.7-1 summarizes the results for a 25 kW 
machine and indicates that R and XC values of 0.4 pu to 0.5 pu will reduce the rpm to 30% 
to 40% of rated RPM with voltage spikes of less than 2pu and braking torques of less than 
3pu. Greater braking can be achieved by reducing the values of R and XC but at the expense 
of greater voltage spikes and braking torques. It is expected that similar pu values will be 
needed for the AOC 33/350 system. This will be confirmed using the ATP transient facility at 
AOC. 

A soft stop option is available whereby only a portion of the network is used to produce 
a reduced torque (see Figure 7.2.7-2) . This option can be used to decrease stress on the 
generator and transmission when stopping under low wind speed conditions. 

R/Xc 

0 . 1  

0 . 2  

0 . 3  

0 . 4  

0 . 5  

0 . 6  

0 . 7  

0 . 8  

0 . 9  

1 . 0  

Table 7.2.7-1 Ultimate Braked Rotor Speed for 25 kW System 
(Ref. Tang, et al) 

0 . 1  0 . 2  0 . 3  0 . 4  0 . 5  0 . 6  0 . 7  0 . 8  

0 . 00 0 . 0 0 0 . 02 0 . 07 0 . 06 0 . 08 0 . 10 0 . 13 

0 . 00 0 . 02 0 . 0 3 0 . 05 0 . 09 0 . 15 0 . 16 0 . 2 0 

0 . 03 0 . 04 0 . 08 0 . 08 0 . 10 0 . 14 0 . 2 0 UNS 

NB 0 . 05 0 . 1 0 0 . 2 6 0 . 15 0 . 10 0 . 2 6 UNS 

NB NB 0 . 15 0 . 4 7 0 . 52 UNS UNS UNS 

NB NB o .  3 1  0 . 4 6  0 . 57 0 . 62 0 . 7 0 UNS 

NB NB NB 0 . 64 0 . 7 0 0 . 7 5 0 . 77 0 . 8 3 

NB NB NB NB 1 . 0 1 0 . 9 3 0 . 93 0 . 95 

NB NB NB NB NB NB 1 . 15 1 . 11 

NB NB NB NB NB NB NB 1 . 3 9 
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Preliminary design values for R and XC are calculated as follows with cost estimates 
in Table 7.2.7-2. 

Per Unit Base 

z -
3 * 4 8 02 

- 1 . 9 0 base 3 6 0 , 0 0 0  

Initial Values of R and Xc have been selected as follows 

These give 

R- 1 . o o  
1 Xc- 0 . 8 8 0 -c- -X - 3 0 0 0 1J.F 

(J) c 

Rpu-0 . 5 2pu 

xcpu- o . 4 6pu 

Table 7.2.7-2 Dynamic Brake Cost Estimates for AOC 33/350 Turbine 

1 )  

2) 

3) 

Load Bank 3 phase stainless steel 
1 .0 ohm 400 amp 1 5  seconds 

Capacitor Bank 3 phase 
3,000 "F 1 20 capacitors @ 300 �tF 

N.C. contactor 420 amps 

TOTAL (not including cabinet) 

$1 ,242 

$1 ,680 

$1 .923 

$4,845 

The resistor bank is a 3-phase nichrome wire-wound assembly. The capacitor bank is 
a 3-phase assembly of motorstart capacitors. The size of the capacitor bank is limited 
physically by the number of capacitors that can be conveniently and economically mounted. 
To achieve 3000 pf a total of 40 capacitors for each phase are required. This number can be 
reduced to 1 0 per phase if the voltage spikes are carefully controlled. 

7.2. 7.2 VAR Compensation 

VAR compensation is needed with the induction generator option to improve the power 
factor. For the AOC 33/350 a 75 kVAR capacitor bank will bring the no load power factor 
close to 1 OOO.tb, the maximum allowed in the standards. Adding VAR compensation in parallel 
with the dynamic brake (see Figure 7.2.7-1 ) changes the initial performance of the brake 
increasing the braking torque and the voltage seen at the generator terminals (Ref. Tang, 
Zavadil , Smith & Childs, AWEA Cont. 1 991 ) .  Further analysis of the brake circuit using the ATP 
transient analysis facility at AOC will be necessary to determine the optimum sizing of the 
combined brake and VAR compensation networks. 

7.2.8 Control System 

The AOC 33/350 control system design consists of hardware and software that monitors 
and controls the operation of the wind turbine generating system under normal and faulted 
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conditions. The controls are divided into the control system, which operates under nominal 
conditions, and the protection system, which operates to protect the turbine when normally 
controlled functions are exceeded. The control system inputs and outputs are identified in 
Figure 7.2.8-1 , and a flow chart of the control system logic is depicted in Figure 7.2.8-2. The 
inputs to the control system are generator speed, generator current, generator temperature, 
vibration, line voltage, and wind speed. Generator speed will be detected by measuring the 
frequency of the generator's residual voltage through an isolated potential transformer. 
Generator current in each phase will be measured by Hall effect current transducers. Phase 
balance, inrush current, reverse current (motoring) and overcurrent will be derived from these 
measurements. Line voltage will be measured by potential transformers on each line. Wind 
speed will be measured using a cup anemometer. The outputs of the control system are 
controls for the brake system, the interconnect switch, the gear box filtration pump, 
transmission oil heater (optional) and generator winding heaters (optional). 

The primary functions of the control system are: 1 )  to control the interconnection of 
the turbine to the utility grid; 2) to control the filtration pump and heaters, 3) to shut-down the 
WTGS for scheduled maintenance, or when optimization of system performance is desired (at 
very low wind speeds, for example), and 4) to provide system performance measurements for 
operator evaluation. 

The interconnection decision is based upon generator frequency and current monitoring. 
If the generator frequency exceeds line frequency 60 (50) Hz, the induction generator will be 
connected to the grid via an optically coupled SCR switch. When the turbine is consuming 
power or "motoring" (which will occur, for example, when the wind drops below cut-in and is 
sustained for a certain amount of time), it will be disconnected from the grid and will be 
allowed to freewheel. In the case where the appropriate conditions exist for the turbine to 
achieve synchronous speed but the system has not reached that goal within a certain time 
period (due to yaw misalignment or stiffness in the drive train, for example) , the control system 
will "soft start" the induction generator. This reduced voltage starting will be accomplished by 
thyristor phase control in order to limit inrush current to an acceptable level. Harmonic effects, 
which may be introduced by thyristor phase control will be analyzed and compensated for, if 
necessary, in the detailed design. 

The control system will turn on a filtration pump whenever the generator rotor is turning. 
The purpose of the filtration pump is to filter oil in the gear box assembly in order to increase 
the life of the transmission and to minimize acoustical emissions from the turbine. 

The AOC 33/350 will have an optional transmission oil heater that will be recommended 
for machines installed in cold regions. Generator winding heaters will be installed on the 
prototype unit and, based on study, may be a recommended option for machines operating 
in marine climates or other areas of high moisture. 

7.2.8. 1 Protection System 

The protection system has been designed to be redundant and fail safe. Inputs to the 
protection system are either direct measurements from sensors, or are parameters that are 
derived from generator voltage, generator current and grid voltage measurements. There are 
three types of sensing devices: an anemometer to detect high wind speed, an accelerometer 
to detect excessive system vibrations, and winding thermostats embedded in each generator 
phase winding to detect excessive generator temperatures. A vibration sensor will be installed 
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on the AOC 33/350 prototype unit and, based on results of testing, may be installed on 
production units. 

Outputs from the protection system are controls for the brake system and the grid 
interconnect switch. The primary functions of the protection system are: 1 )  to maintain the 
turbine in a safe state when the control system fails to keep it within operating limits, or when 
a fault has been detected ; and 2) to provide snapshot information about faults for failure 
characterization and non real-time analysis. 

The following faults will be detected by the protection system: 

• 

• 

• 

• 

• 

• 

• 

Generator overcurrent 
Generator phase imbalance 
Generator overtemperature 
Generator overspeed 
Wind speed above cut-out 
Vibration over tolerance 
Loss of grid or undervoltage . 

Figure 7.2.8-3 lists the protection system faults and their corresponding responses. 
Upon detection of any fault, the protection system response will be to initiate a system shut
down. This sequence consists of first disconnecting the turbine from the utility grid, then 
deploying the braking system. In all cases except wind over-velocity, the turbine will not 
automatically restart, but will require manual start-up by an operator. In the case of wind 
velocity above cut-out, the turbine will be automatically restarted upon the detection and 
persistence of nominal wind conditions. 

The AOC 33/350 braking system consists of a 3-phase dynamic brake, tip brakes (one 
on each blade) and a parking brake. The brake system is both redundant and fail safe. The 
dynamic brake is an electrical brake that consists of an R-C network. Application of the brake 
causes self-excitation in the induction generator, and dissipates the energy necessary to bring 
the rotor to below normal operating speeds. 

In the normal operating mode, the tip brakes function as electrically activated 
aerodynamic brakes whenever shut-down is required. Each tip brake has an electromagnet 
that is held in place by the application of power to the circuit. The magnets are normally 
energized. Upon shut-down, the electromagnets deenergize and the tip brakes deploy due to 
centrifugal force. In fail-safe mode, the tip brakes will automatically deploy whenever there is 
loss of grid power, bringing the turbine system to a safe state. As a redundant feature, the 
tip brakes will operate as a mechanically activated aerodynamic braking system in the event 
of rotor overspeed. In overspeed conditions (50% overspeed), centrifugal force on the tip 
brakes will overcome the magnetic forces causing the tip brakes to deploy, even if, for some 
reason, they are still electrically energized. 

The parking brake is a mechanical brake whose function is to lock the rotor in a fixed 
position. In the protection system shutdown sequence, both the dynamic and tip brakes are 
applied simultaneously. The parking brake will be applied after the dynamic and tip brakes, 
once the blades have come to a full (or almost full) stop. In the event of failure or loss of the 
dynamic brake system, the tip brake system when deployed, will bring the turbine to within safe 
design limits. Similarly, failure or loss of the tip brake system will be protected against by the 
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dynamic brake. 

In addition to the controlled braking system, aerodynamic stall, which is inherent to the 
AOC 33/350 blade design, will limit generator power to design limits during normal operation. 

7.2.8.2 Control Hardware 

Microcontroller units (MCU) will be used to monitor the system states and initiate 
appropriate control. These MCUs contain an on-board Electrically Erasable Programmable 
Read-Only Memory (EE-PROM) for field reprogramming should local environments or improved 
control strategies dictate a change in the control algorithms. On board serial ports allow for 
reprogramming or interrogation of the wind system via ordinary telephone links. A back-up 
battery will be used to supply power to logic devices in the control system in the event of grid 
power failure. 

Figure 7.2.8-3 Controller VO and Logic 

Input State Action 

Wind Speed Above cut-in Motor turbine up to speed if wind speed 
exceeds cut-in and an interval has passed 
since last motoring, if turbine is not rotating 

Above cut-out Disconnect turbine from grid and deploy 
brakes sequentially; tip brakes and dynamic 
brake, then parking brake 

Generator Speed Synchronous Connect to grid if synchronous speed 

Super Synchronous Disconnect from grid and deploy brakes 

Generator Current Reversed (motoring) Disconnect from grid and ''freewheel" 

Overcurrent Disconnect from grid and deploy brakes 

Phase Imbalance Disconnect from grid and deploy brakes 

Vibration Excessive Disconnect from grid and deploy brakes 

Grid Voltage Loss of Grid Disconnect from grid and deploy or 
Undervoltage brakes. Brakes ''fail safe" to 
deploy without intervention of control system 

Generator Temperature Above set point Disconnect from grid and deploy brakes 
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- I I 7.2.9 Power Distribution System 

The power distribution system provides for the control and protection of the system at 
the 480 volt level and is shown in Figure 7.2.7-1 . It can be conveniently described in several 
sections as follows: 

Utilitv Interface The precise utility interconnection will vary with each installation but will 
incorporate several common features: a disconnect switch, a step up transformer and a main 
circuit breaker. Fault protection as required by IEEE and international standards will be 
provided. Typically the step up transformer would be a 440V/1 3.8KV/350KVA padmount 
transformer with a 600 A main circuit breaker. 

SCR Switch The main interconnect between the wind generator and the grid is provided by 
a 3-phase SCR switch. This will be mounted in a NEMA 3R enclosure. The operation and 
control of this switch is described in Section 7.2.8. The choice of an SCR switch was dictated 
by the need for high-speed switching when going from the freewheeling mode to generating 
mode. The SCR switch allows the generator to be synchronized with the grid at high speed 
eliminating high inrush currents and the associated torque transients. 

Control Circuitry The control circuitry as described in Section 7.2.8 will be mounted in a 
shielded enclosure adjacent to the SCR switch. Inputs to the control circuit will be provided 
from a 600:5 current transformer and two 440V/220V potential transformers. Additional inputs 
from sensors are shown in Figure 7.2.9-2. 

Station Service Supply The power needs of the control and secondary circuits are supplied 
by a 440V/1 1 5V, 600VA station service transformer. This transformer, along with the associated 
secondary circuit breakers and relays, will be mounted together in a NEMA 3R enclosure. 
Depending on the actual installation the service supply may be mounted in the same enclosure 
with the SCR switch. 

Dynamic Brake and VAR Compensation The dynamic brake components as described in 
Section 7.2.7 will be housed in a separate NEMA 3R enclosure. The load bank will be 
mounted on top in a screened cage to allow for maximum cooling of the wirewound resistors. 
Ideally, this enclosure will be mounted at the base of the tower electrically close to the 
generator. The VAR compensation capacitors described in Section 7.2.7 are contained in their 
own NEMA enclosure and will be mounted adjacent to the brake components. 

Twist Cable A twist cable will connect the generator output to the dynamic brake and VAR 
compensation circuits at the base of the tower. The twist cable will also carry the required 
control wires and secondary power supplies for the parking brake, winding heaters, winding 
thermostats, oil filtration pump, tip brakes and anemometer. A suitable connector will be used 
at the bottom of the twist cable to allow for quick untwisting of the cable. 
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7.3 Fatigue Ufe Estimates 

Based on the detailed fatigue life estimates that have already been made for the AOC 
1 5/50 LSS and tower top plate, we are confident that our AOC 33/350 conceptual design is 
on target. The incorporation of yaw rate reduction features and the load reductions of the 
teetered hub ensure that our 350 design is suitably sized. We expect to perform a fatigue 
analysis of the low-speed shaft during the next phase of development. 
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8.0 Manufacturing Approach 

This section identifies our approach to manufacturing the AOC 33/350 wind turbine. 
Included are the sequence, facilities, labor, overhead, and associated cost requirements. Our 
manufacturing approach assumes a levelized annual production of approximately 1 43 turbines, 
which will provide the equivalent of 50 MW per year. 

8.1 Manufacturing Sequence 

As illustrated in Figure 8.1 -1 , the AOC 33/350 wind turbine will be field assembled from 
four major subassemblies: 

• 

• 

• 

• 

Rotor 
Drive train 
Tower 
Electrical subsystem . 

Gougeon Manufacturing Corporation (GMC) will provide completed blade sections to the 
field. Gougeon will mold the blade sections and integrate the tip brake mechanism and wiring 
during the manufacturing process. After the blade sections are molded a finger joint will be 
cut at the root end of each blade section. Completed blade sections will be shipped from 
GMC to the wind power station where a single field joint will join the two blade sections to 
form a one-piece rotor. The teeter mechanism will be added to the rotor to complete the rotor 
assembly. 

The drive train assembly consists of three subassemblies: 

• 

• 

• 

Generator/brake 
Gearbox 
Drive train cradle . 

The induction generator and parking brake will be integrated with the generator to form 
the generator/brake assembly. The completed unit will be shipped to AOC for further 
integration. 

AOC will integrate the low-speed shaft, gearbox housing, gear assembly and rotary 
transformer, which provides control power to the tip brakes, with the gearbox. The completed 
gearbox assembly will be shipped to AOC for further integration. 

The tower top casting will be shipped from the casting facility to the casting machinery 
operation and then to AOC. At AOC the drive train will be assembled and shipped to the wind 
power station. 

Gougeon Manufacturing Corporation will provide completed tower sections to the field. 
A single field joint will be performed at the wind power station resulting in a completed tower. 
The yaw bearings will be delivered to the wind power station for integration with the tower. 
Once the foundation has been installed the tower assembly will be erected. 

The fourth major subassembly associated with the AOC 33/350 is the electrical 
subsystem, which consists of the control system, dynamic brake and the power distribution 
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system. These items will be assembled at AOC and field integrated at the wind power station. 
The power factor correction capacitors, SCRs, wiring and current and voltage sensors will be 
assembled at AOC into enclosures and tested prior to shipment to the wind farm. The step
up transformer will be drop shipped directly to the site since it is a standard component of 
considerable weight. 

AOC will fabricate the dynamic brake and control system and provide the appropriate 
interfaces with the power distribution system including the power cable, which is attached 
within the tower to accommodate tower rotation. 

At the site the rotor and drive train assemblies will be integrated and lifted onto the 
tower. The electrical subsystem will be interconnected with the turbine and the completed 
turbine functionally tested prior to initial rotation. 

8.2 Manufacturing Facilities 

The following sections describe the facilities necessary to manufacture the AOC 33/350 
turbine. 

8.2.1 Gougeon Manufacturing Corporation 

The tower manufacturing area required for the AOC 33/350 is illustrated in Figure 8.2.1 -
1 . This 20 m x 24.4 m (66 ft x 80 ft) area provides sufficient space to accommodate right and 
left halves of the upper and lower tower molds. A veneer coater is provided as well as a finger 
joint cutter. Once assembled and their finger joints cut the upper and lower tower, sections 
will be fitted in the factory as a check prior to shipment. During the fit-ups the upper tower 
section will extend into the general manufacturing area at the Pinconning facility of GMC. The 
completed tower section will be cradled on a flatbed truck for shipment to the site. 

Figure 8.2.1 -2 depicts the rotor manufacturing area for the AOC 33/350 rotor. This 1 7.4 
m x 26 m (57 ft x 85 ft) area provides sufficient space to accommodate the low- and high
pressure blade molds. A veneer coater and a finger joint cutter are provided. Space is 
provided to store the first blade section while its mate is being fabricated. Once the blade 
sections are assembled and their finger joint cut, the blade sections will be fitted in the factory 
as a check prior to shipment. During the fit-up one of the blade sections will extend into the 
general manufacturing area at the primary facility of GMC. The completed blade sections will 
be cradled on a flatbed truck for shipment to the site. 

It is anticipated that a single flatbed truck will accommodate one complete tower and 
one complete rotor with no special permits required. 

8.2.2 AOC Assembly Facility 

The facility in which the AOC 33/350 wind turbine drive train and electrical systems will 
be assembled is illustrated in Figure 8.2.2-1 . This 664.26 m2 (7, 1 50 sq ft) area is segmented 
into dedicated areas which include electronics assembly, power distribution assembly, drive 
train cradle laydown, gearbox laydown, generator laydown, receiving, storage and shipping 
areas. At any given time approximately ten drive train assemblies will be in process. An 
overhead crane will be located in the assembly area sized to accommodate movement of 
completed drive train assemblies. 
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Electronics 
Assembly 

6.1m x 9.2m 

Power 
D istribution 

Assembly 
9.2m x 13.7m 

Drive Tra in  Cradle  
Laydown 4.6m x 18.3m 

I Receiving, I Storage 1 4.6m X 6. '"I 
Drive Tra in  Assembly I Shipping I 

l 6 . 1m x 10 .7m l 10 .7m x 18.3m 

Gearbox Laydown 4.6m x 12.2m 

I I 
Generator Laydown il 4.6m x 12.2m 

t----------- 33.5m -----------1 

Figure 8.2.2-1 AOC 33/350 Assembly Facility 

8.2.3 Field Facilities 

Both the wood/epoxy rotor and tower will be shipped from GMC to the site where single 
field joints will be made to complete their assembly. To ensure the quality of these finger joints 
a temperature- and humidity-controlled enclosure must be provided. In addition, provisions 
must be incorporated to insure proper alignment of the tower and blade sections. "' 

Figure 8.2.3-1 illustrates a field fabrication facility which provides for successful 
com pletion of the field joints. This 1 1 8.91 m2 (1 ,280 sq ft) facility includes a concrete floor that 
enables proper alignment. This facility can accommodate either single or double finger joints 
in the blade. 

Fixed cradles are located on concrete pads external to the facility to support the blades 
and tower sections and provide for proper alignment. Overhead doors at each end of the 
facility allow the gantry crane to travel the full length of the blade/tower including the exterior 
portion. 

Included in the facility is an epoxy mixing system in the bonding and finishing area. 
This area will be closely controlled so as to provide adequate temperature and humidity control 
necessary to ensure the quality/integrity . of the finger joints. Once the farm installation is 
com pleted this facility can be used for on site storage and maintenance. 

8.3 Manufacturing Labor 

The following sections identify the direct labor and overhead requirements associated 
with AOC 33/350 manufacturing. 

8.3.1 AOC Assembly Facility 

• 

• 
Drive Train Assembly 
Control System Assembly 

• Power Distribution System Assembly 

2 3 6  

3 Technicians 
2 Technicians 
2 Technicians 

. , 

p i  
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8.3.2 

8.4 

8.4.1 

8.4.2 

8.5 

Blade/Tower On-site Assembly Facility 

• Tower Assembly 
• Blade Assembly 

Manufacturing Overhead 

AOC Assembly Facility 

• 1 Supervisor 
• 1 Purchasing 
• 1 Quality Assurance 
• 1 Secretary 
• Benefits 
• Utilities electricity $1 0,000/year 

telephone $ 2,500/year 
water/sewage $  1 ,000/year 
HVAC � 4,000[�ear 
total utilities 

• Equipment/Supplies 

Blade/Tower On-site Assembly Facility 

• 1 Supervisor 
• Benefits 
• Utilities electricity $ 2,000/year 

telephone $ 1 ,200/year 
water/sewage $ 400/year 
HVAC 
total utilities 

• Equipment/Supplies 

Manufacturing Costs 

• Cost Basis - 50 MW/Year levelized Production 

� 2,000[�ear 

• Bill of Materials $80,000/turbine, $1 1 ,440,000/year 
• Supplies $ 8,700/year 
• Facility Costs 

- AOC Assembly Facility $1 92,246 
- Blade{fower Assembly Facility $ 34,41 6 

• Shipping - TBD based upon manufacturing and site 
locations. 

8.6 Quality Assurance Policies 

2 Technicians 

$1 7,500/year 
$ 6,000/year 

$ 5,600/year 
$ 2, 700/year 

The quality assurance policies of the Atlantic Orient Corporation are being built around 
and in compliance with ISO 9001 :1 987(E) "Quality Systems - Model for Quality Assurance for 
Design/Development, Production, Installation and Servicing". Other applicable Quality 
Assurance codes also considered are EN 29000 (Europe), ANSI/ASQC Q-90 (US), BSI 5750 
(UK) and CSA Z-299 (Canada) . This particular ISO standard is designed for use when 
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conformance to specified requirements is to be ensured by the supplier during several stages 
that may include design/development, production, installation and servicing. AOC's 
development, production, installation, and testing of the 33/350 production wind turbines are 
directly applicable to ISO 9001 . 

AOC's Quality Assurance Program to satisfy ISO 9001 is illustrated in Figure 8.6-1 . It 
is our policy to define and document the program objectives and ensure that our quality 
program is understood and implemented by all of our subcontractors. 

The responsibility for quality rests with each of our employees, team members and 
subcontractors. To ensure that the quality program functions properly we've designated a 
Manager of Quality Assurance. The manager is responsible for maintaining and implementing 
the quality program. It is the manager's function to define responsibilities, designate authority, 
and establish the interrelationships of all personnel who manage, perform, and verify work 
affecting quality. Furthermore, the Manager ensures that design reviews and audits of the 
program, processes and products are performed by personnel independent of those with direct 
responsibility for the work being performed. To support this program we intend to hire a 
Quality Assurance Engineer who will report directly to the Manager of Quality Assurance. 

Design and document control are crucial to the success of this program. Our Quality 
Assurance Plan, through its Design Verification and Document Control features, will ensure that 
the production prototype hardware and software are as specified by our design team. 
Furthermore our procedures will assure that test data is properly collected, identified and 
analyzed. 
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Procedures 
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Instruct ions 

Training 
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Contract Revi ew 

AOC Qua l i ty 
Assurance 
Program 

Design Control 

· Input/Output 
•Verif ication 
·Changes 
· P lanning 

Docl.lllent Control 

· I ssuance 
· Changes 
· Modifications 
•Approval 

Purchasing 

• Purchasing Data 
·Verif i cation 
· Subcontractor 
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Product 
Ident i f icat ion 
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F igure 8.6-1  AOC Qua l i ty Assurance Program 
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9.1 Plan 

9.0 Maintenance Plan 

The inherent simplicity and low parts count of the AOC 33/350 greatly reduces and 
simplifies maintenance requirements compared to other existing designs. The lack of active 
pitch and yaw control systems completely eliminates a host of historically difficult trouble spots. 
Even the teetered hub has been designed for a completely maintenance-free service life using 
non-lubricated elastomeric bearings. Teeter dampers and stops are also elastomeric and 
require no maintenance. However, they must be periodically inspected for wear. 

Maintenance and safety inspections (on the mature design) will be recommended on a 
twice-per-year basis. At this time, the primary task at the tower top consists of changing the 
gearbox oil and oil filter. In addition, there may be bearings in the generator that require 
annual lubrication. Other than this, only inspection is required. This includes wear inspection 
of the parking brake disks and elastomeric hub bearings and teeter stops. Finally, the tower 
yaw bearing (located at the base of the rotating tower section) may require annual lubrication. 
We anticipate that access to the tower top may be by way of a bucket truck which will 
decrease ascent time. 

A methodology will be developed to check out the electrical system including the 
generator, dynamic and parking brakes, and control system functions with ground-level test 
instruments. This will, in many cases, allow early detection of impending electrical problems. 
Table 9.1 -1 provides a maintenance schedule for the AOC 33/350. 

Table 9.1 -1 AOC 33/350 Maintenance Schedule 

Man Hours 
Item Frequency Per 

Occurrence 

Inspection S ix Months 4 . 0  

Gearbox Oil/Filter Annually 3 . 0  

Generator Lube Annually 0 . 5  

Yaw Bearing Annually 1 . 5  

Electrical System Annual ly 2 . 0  

Wear Replacement S ix Months 4 . 0  

Year 
By 

Total 

8 . 0  

3 . 0  

0 . 5  

1 . 5  

2 . 0  

8 . 0  

Total Maintenance Manhours per year = 2 3  
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9.2 Maintenance Facility and Personnel 

A 50 MW wind power station will required 1 43 AOC 33/350 turbines. It is our intent to 
service/maintain the farm from the blade/tower on-site assembly facility previously described 
in Section 8.2.3. This 1 280 square foot facility provides sufficient room for office space, parts 
inventory and covered work area for repairs and maintenance. 

For each 50 MW wind power station we estimate the following on-site personnel 
requirements: 

2 Windsmiths · 

1 Supervisor 
1 Clerical. 

This assumes a mature design fully supported by a manufacturer who is producing 
turbines at a levelized rate of 1 43 per year. 

9.3 Cost 

The cost associated with operations and maintenance used in this report were calculated 
as $0.01 per kWh of output production as suggested by NREL as an industry average. This 
cost computes to approximately $1 0,000 per year for the AOC 33/350 at Site #2. 

In reality, we think this is somewhat high as the AOC 33/350 design should have a 
maintenance cost well below the present industry average. Our calculations indicate annual 
maintenance costs of $4,500 as shown in Table 9.3-1 . When insurance ($600), and cost of 
land ($2,1 50) are added in, the total annual O&M figure comes to $7,250 or less than 75% of 
the NREL-suggested figure. 

The cost of energy is also affected by assumptions made regarding component 
replacement. This figures into the NREL cost of energy formula as "Levelized Recovery Cost". 
Our assumption for the AOC 33/350 design was that the gears in the transmission (gearbox) 
would require replacement every 1 0 years while the main shaft and generator would require 
replacement every 1 5  years or once during the 30-year life of the turbine. 

Table 9.3-1 Annual Turbine Maintenance Cost 

Maintenance Labor 
Materials 
Bucket Truck 
Unanticipated Expenses 
Overhead 

Total Maintenance Cost 

242 

$ 9 2 0  
$ 1 , 2 00 
$ 4 65 
$ 9 15 
$1 , 000 

$4 , 5 0 0  
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1 0.0 Energy Capture Estimates/Economic Performance 

The power curve for the 33/350 wind turbine was calculated using the PROPSH 
computer program. This curve is shown in Figure 1 0.0-1 . The results of these calculations are 
given in Table 1 0.0-1 . Figure 1 0.0-2 shows the annual energy output for a range of average 
hub-height wind speeds assuming a Rayleigh distribution of wind speeds. 

Using the calculated annual energy output and estimated costs for the wind turbine, the 
cost of energy was calculated for the three standard sites based on the NREL formula. 
Table 1 0.0-2 shows the results of these calculations. 

400 

350 

300 ....... 
3:: o zso ... Cl) � 200 
0.. 

� 1 50 -:I 0 
1 00 

5 0  

0 
0 

v 
1 0  

-�--/ / I I v 
I I 

20 30 40 
Hub Height Wind Speed (mph) 50 

Figure 1 0.0-1 33/350 Power Curve 

60 

Table 1 0.0-1 Annual Energy Output for 33/350 on 1 00 Foot Tower 

Location Gross Annual Energy Output ( kWh) 

S ite # 1  7 9 0 , 0 0 0  

S ite # 2  1 , 2 15 , 0 0 0  

S ite # 3  1 , 095 , 0 00 
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Figure 1 0.0-2 Annual Energy Output 

Table 1 0.0-2 Cost of Energy for 33/350 Wind Turbine 

Location Cost of Energy ( cents/kWh )  

S ite # 1  5 . 3 7 

S ite # 2  3 . 69 

S ite # 3  4 . 09 
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1 1 .0 Areas Requiring Additional Development 

A verified tool for predicting the yaw rates of free-yaw machines (including the 
tower/drive train/rotor) in highly turbulent environments is needed. Factors which need to be 
assessed are vertical and horizontal wind shear, vertical and horizontal wind yawing rates, 
statistical turbulence, high speed "turbs", coherent swirl, blade taper and twist, dynamic stall 
and dynamic aero coefficients. It is suggested that immediate efforts be initiated to model the 
Enertech 44/60 with the ADAMS programs and that suitable experimental data (simultaneous 
wind/yaw rate data) be obtained for verification. A verified tool is also required for a teetered 
free yaw machine. This would be a logical extension to the previous work item. 

Transient analysis capability for teeter response and teeter stop impacts, tip brake 
deployments, and off normal evaluations is required. This could be an extension of the 
previous work item. 

Experimental verification of the yaw rate reduction due to an airfoil tower is needed. 
This can most easily be performed using an existing pole tower machine with a stuck-on airfoil 
skirt. 

Advanced verified aerodynamic models are required to predict the dynamic overloads 
and high yaw rates that are observed in operating wind turbines. This is vital for prediction 
of both power spikes and transient teetering motions. 

1 1 .1 Near-Term and Medium-Term Recommendations 

Analytic methods must be verified for predicting the yaw rates of free yaw machines and 
teetering response in the turbulent wind conditions typical of Palm Springs or mountain sites. 
This will require enhancement of current wind and stall models and improved teeter stop 
models. 

These analytic methods must also be capable of predicting the transient response of 
teetered free-yaw machines including assessments of failure events such as "loss-of-grid" and 
the transient response to deployment of tip brakes. 

Availability of these analytic methods is vital to the success of the next generation of 
wind turbines. Clearly, the power of current and near future high-end PCs and Workstations 
is up to this challenge. 
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